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ABSTRACT 
Southern Australia is becoming warmer and drier as climate change progresses, 
creating serious threats to freshwater ecosystems that are dependent on the presence 
of water for their existence. The overall aim of this research project was to develop and 
evaluate four potential methods for enhancing the role, function and resilience of 
refuges for freshwater biodiversity in southern Australia. It focussed on means to 
maintain the physical conditions in refuges within ranges tolerable for species and to 
maintain connectivity that allows species to retreat to, and expand from, refuges. The 
four approaches studied were:  
x the feasibility of using cool-water releases (CWR) from reservoirs and 
shandying to control water temperature in rivers;  
x a method for deciding where streamside re-vegetation should occur in 
catchments to ensure maximum long-term negative effects on stream 
temperature;
x the potential for artificial urban wetlands (i.e. anthropogenic habitat) to act as 
refuges for freshwater biodiversity against climate change;  
x a method for identifying redundant river regulation infrastructure and prioritizing 
artificial structures for removal during river restoration to improve connectivity 
along river channels for fauna movement.  
These four approaches were found to have the potential to address a range of 
objectives for refuge management, such as: reduce temperatures in refuges (1 & 2), 
increase number of refuges that act as colonization sources (all), assist dispersal into 
and out of refuges (all), increase biodiversity within refuges (all), increase permanence 
or resilience of refuges (all) and increase resistance or resilience of refuges during 
extreme events (1, 2 & 3). In particular, CWR could potentially be used to mimic natural 
thermal regimes, reduce the frequency and duration of extreme high temperature 
events and to assist movement of fish between thermal refuges, but further information 
and trials are required (1). Riparian planting can be used to reduce in-stream 
temperatures over the long-term and the tool developed here permits users to 
determine the optimal planting locations within catchments to maximise cooling effects 
for a given replanting investment (2). Perennial artificial wetlands can be used to 
provide refuges for biodiversity from wetland drying, and artificial wetlands can be 
modified to support higher biodiversity (3). The removal or modification of in-stream 
barriers can be used to create, protect or link refuges for freshwater species, especially 
fish, and the method developed here allows users to determine which artificial barriers 
have priority for removal within catchments (4). 
There are synergies with catchment restoration, such as environmental flows (CWR, 
barrier removal and modification), and revegetation (riparian replanting, anthropogenic 
refuges).Therefore, the four refuge management approaches described in this project 
should be integrated into existing river and wetland restoration practices within 
catchments. Refuges across all types of waterbodies in catchments should be 
managed in an integrated way, comprising multiple waterbodies of each type to provide 
the diversity of habitat types required by freshwater species. 
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EXECUTIVE SUMMARY 
Southern Australia is becoming warmer and drier as climate change progresses, 
creating serious threats to freshwater ecosystems that are dependent on the presence 
of water for their existence. The overall aim of this research project was to develop and 
evaluate four potential methods for enhancing the role, function and resilience of 
refuges for freshwater biodiversity in southern Australia. It focussed on means to 
maintain the physical conditions in refuges within ranges tolerable for species and to 
maintain connectivity that allows species to retreat to, and expand from, refuges. We 
used the National Water Commission definition of refuges as places secure from one 
or more disturbances that are sources of colonists for the wider landscape after 
disturbance has ceased (Robson et al. 2008), which is consistent with the terminology 
used by Lake (2011) and Keppel et al. (2012). 
This Final Report provides an integrated summary of the research results for all four 
methods and describes their application for protecting freshwater biodiversity from 
climate change in southern Australia. Four Technical Reports cover each of these sub-
projects separately, detailing their methods, results and conclusions.  
The four approaches studied were:  
x the feasibility of using cool-water releases and shandying to control water 
temperature in rivers (sub-project 1, Cummings et al. 2013);  
x a method for deciding where streamside re-planting should occur at a 
catchment scale to ensure maximum long-term effects on stream temperature 
(sub-project 2, Cook et al. 2013);  
x the potential for artificial urban wetlands (i.e. anthropogenic habitat) to act as 
refuges for freshwater biodiversity against climate change (sub-project 3, 
Chester et al. 2013);  
x a method for identifying redundant river regulation infrastructure and prioritizing 
artificial structures for removal during river restoration (sub-project 4, Beatty et 
al. 2013).  
The use of cool-water flow releases (CWR), or ‘shandying’ of warm surface waters with 
cooler bottom waters from large water storages that thermally stratify over summer, 
had not previously been evaluated for its feasibility in reducing water temperatures in 
rivers. Sub-project 1 reviewed Australian and overseas literature to determine the 
potential for, and feasibility of, using CWR to create refuges for river biodiversity. 
Feedback was also sought from Australian natural resource managers on the idea of 
using CWR as part of climate change adaptation. 
The use of riparian vegetation to control water temperatures in the longer-term has 
been established but there is no method for deciding where or when planting should 
occur at a catchment scale to ensure maximum long-term benefits. Sub-project 2 
developed a decision support tool to identify where to replant riparian vegetation at the 
catchment scale. Species-specific and community level Upper Thermal Tolerances 
(UTTs) for aquatic invertebrates were determined using experimental data and the 
relationships between species field distributions and associated environmental data. To 
assess the usefulness of using UTTs to determine riparian management goals, 
community level responses to shading were also examined. A simple Microsoft Access 
database was subsequently developed as a tool to predict the response of biodiversity 
to changes in temperature resulting from activities such as replanting riparian 
vegetation. 
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Anthropogenic water bodies are human-created habitats for freshwater fauna and flora: 
increasingly the most abundant perennial waterbodies in southern Australia during 
drought. 
Sub-project 3 investigated the potential for artificial urban wetlands (i.e. anthropogenic 
habitat) to act as refuges for freshwater biodiversity. The international literature 
describing the biodiversity of freshwater anthropogenic ecosystems was reviewed, and 
their potential to act as refuges from disturbance, especially climate change, was 
assessed. Natural and anthropogenic waterbodies in the Beeliar wetland system on the 
Swan Coastal Plain (SCP) were sampled to describe invertebrate assemblages, the 
range of artificial waterbodies present and determine physical and water quality 
variables associated with high biodiversity. Two laboratory experiments were carried 
out to determine the survival strategies of different invertebrate species during wetland 
drying and survival rates to different degrees of drying. 
Processes to mitigate or remove in-stream barriers in southern Australia have not 
focussed on how those structures may prevent access to upstream refuges in 
ephemeral rivers, nor how they may themselves provide valuable artificial refuge. Sub-
project 4 developed methods for identifying redundant infrastructure and prioritising 
structures for removal during river restoration. A global literature review was conducted 
on the ecological, economic, and social impacts of in-stream barriers and identified 
existing processes for identification, prioritising and mitigating in-stream barriers. A 
score and ranking system was developed to prioritise in-stream barriers for removal or 
mitigation that specifically incorporated positive and negative impacts of barriers in lotic 
systems across southern Australia. As part of the process, a complementary aerial 
barrier and refuge survey technique was developed. The process was trialled in three 
catchments of varying characteristics in south-western Australia. 
The methods were found to have the potential to address a range of objectives for 
refuge management, such as: reduce temperatures in refuges (SP 1, 2), increase 
number of refuges that act as colonization sources (all), assist dispersal into and out of 
refuges (all), increase biodiversity within refuges (all), increase permanence or 
resilience of refuges (all) and increase resistance or resilience of refuges during 
extreme events (1 – 3).  
CWR could be managed to mimic natural thermal regimes by using a ‘shandy’ of 
surface and bottom waters from behind the dam wall (Cummings et al. 2013). 
However, this appears to be very difficult in practice and many large dams in Australia 
will require retrofitting of the necessary infrastructure (i.e. multiple off-takes) for 
shandying to be possible. CWR could also be potentially used to reduce the frequency 
and duration of extreme high temperature events or to facilitate movement of fish 
between thermal refuges, but there are a number of key knowledge gaps that would 
need to be filled before this were practical (Cummings et al. 2013). Riparian planting 
can be used to reduce in-stream temperatures over the long-term and the tool 
developed here permits users to determine the optimal planting locations within 
catchments to maximise cooling effects for a given replanting investment (Cook et al. 
2013). The removal or modification of in-stream barriers can be used to create, protect 
or link refuges for freshwater species, especially fish, and the method developed here, 
allows users to determine which artificial barriers have priority for removal within 
catchments (Beatty et al. 2013). 
Anthropogenic freshwater bodies in urban or rural areas may harbour considerable 
biodiversity but are not recognised as such. On the SCP in dry years, anthropogenic 
water bodies are now the most frequently occurring perennial waters. Our results show 
that they are probably acting as drought refuges on the SCP at the present time, and 
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suggest that waterbodies with beds of aquatic plants, higher dissolved oxygen levels 
and natural substrata support the highest diversity. Sufficient hydroperiod is also 
important so that species can complete their life cycles.  
At the landscape level, anthropogenic water bodies that are close to other water bodies 
or to areas of native vegetation, tend to have higher biodiversity. Invertebrates living in 
anthropogenic waterbodies have functional drought resistance traits and their 
populations could therefore act as colonization sources for natural wetlands. 
Anthropogenic waterbodies can be used as refuges for freshwater biodiversity to assist 
adaptation to climate change in rural and urban landscapes (Chester et al. 2013). 
The feasibility of each method, now and in the future, was also assessed. At present, 
riparian replanting can be used to lower temperatures in streams and anthropogenic 
freshwater bodies may provide refuge habitat. Knowledge gaps remain for both 
methods, but these could be rapidly overcome with further research. Barrier removal 
has been demonstrated to be both ecologically and cost-effective overseas, and so 
could be used in southern Australia to enhance connectivity along rivers and 
floodplains and among refuges. By improving barrier identification surveys and properly 
monitoring barrier decommissioning, the method could be made more effective. CWR 
have not yet been used in Australia to deliberately lower stream temperatures. The 
literature review revealed that there are too many knowledge gaps and uncertainties for 
CWR to be a feasible or cost-effective management option at this current time. 
However, the approach may become more feasible as climate change progresses, as 
knowledge gaps are filled and if new technologies and techniques for water releases 
are developed.  
Knowledge gaps and future research priorities for each method were identified. The 
major knowledge gaps for protecting refuges for freshwater biodiversity are: the lack of 
empirically documented temperature requirements and tolerances for the Australian 
biota, including for particular life history stages; the lack of basic life history information 
with regard to species requirements for hydroperiod; a paucity of long-term in-stream 
temperature data; limited empirical data on refuge types used by most freshwater 
species; limited data on dispersal capacity of most native freshwater fauna;  limited 
knowledge of the areal extent of freshwater populations; absence of an adequate 
bioregionalisation for Australian freshwater biodiversity; and whether anthropogenic 
refuges function alone as refuges or as an adjunct to natural water bodies. 
End users of these approaches need to be aware that freshwater refuges need to be 
identified within their management regions prior to implementing any of these four 
methods. The identification of refuges is not necessarily straightforward because many 
refuges for important species are of a small size, may not be directly observable and 
may be in remote locations. This means that they may not be easily locatable by 
remote sensing. Remote sensing may indicate regions within catchments where certain 
types of refuges might exist. However, ground-truthing of remote sensing data will 
always be required to ascertain the existence of refuges, including sampling to 
determine whether the target species, or assemblage, is actually present in the refuge. 
Aerial surveys, such as those conducted in the present project, are another form of 
ground-truthing that is suitable for identifying in-stream barriers.  
Research shows that refuges such as perennial pools are notoriously idiosyncratic in 
their assemblage composition and this means that it cannot be assumed that any 
single refuge is supporting particular species or assemblages unless they have been 
identified in that place. Similarly, even when a species has been observed in a refuge 
in the past, it will not necessarily be present there every year. For this reason, the 
findings of the present project as well as earlier research show the need for multiple 
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refuges of the same type to be maintained within catchments to sustain biodiversity 
over both time and space. 
Across a catchment, there will be a range of natural freshwater habitats (rivers and 
wetlands) and artificial freshwater bodies. Refuges across all these waterbodies should 
be identified and managed in an integrated way, so that there are multiple waterbodies 
of each type providing the diversity of hydroperiod and habitat types required by 
freshwater species. Consideration also needs to be given to connectivity among water 
bodies. Where connectivity needs to be enhanced by river flow, flooding or vegetation 
corridors and also where connectivity needs to be limited to protect particular species 
or restrict the movement of invasive species. Previously, artificial waterbodies have 
rarely been considered as part of the available refuge habitat. By including them, 
managers will have more options for management which may include consideration of 
construction of new wetlands or sections of stream channel to enhance refuge 
availability or quality. Therefore, we recommend that when implementing any (or all) of 
the four refuge management approaches described in this report, they should be 
integrated into existing river and wetland restoration practices within catchments. 
Each of these approaches to refuge management provides multiple benefits to both the 
environment and human society that can be articulated to the community as part of 
climate change adaptation actions to protect biodiversity. The need for multiple benefits 
to arise from climate change adaptation actions is a tenet of effective climate change 
adaptation, and each of these methods has the capacity to deliver multiple benefits 
through a range of ecosystem services that have been identified in this project. There 
are synergies with catchment restoration, such as environmental flows (CWR, barrier 
removal and modification), and revegetation (riparian replanting, anthropogenic 
refuges). 
Despite what is achieved by climate change mitigation, we know that Australia is 
already experiencing climate change and will continue to do so. Examination of these 
four approaches to refuge management has highlighted the need for end-users to 
begin to invest now in actions to assist freshwater ecosystems to adapt to future 
climate. Decades are needed to allow ecosystems to adapt to changing climate, 
temperatures and water regimes. Riparian vegetation takes time to grow, and many 
animal species only disperse slowly across landscapes.  
The creation of refuges by riparian replanting or by creating or modifying artificial 
wetlands can be done now, but will take decades to reach maximum effectiveness. The 
knowledge gaps identified here that limit the utility of these approaches also need to be 
addressed now, through investment in research and trials, so that they will be 
increasingly useful for managing the impacts of future climate change. 
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1. OBJECTIVES OF THE RESEARCH 
Southern Australia includes temperate, mediterranean and semi-arid landscapes south 
of latitude 30 degrees, that are becoming warmer and drier as climate change 
progresses, creating serious threats to freshwater ecosystems that are dependent on 
the presence of water for their existence. This region mostly contains the ‘stable winter 
baseflow’, ‘stable baseflow’, ’predictable winter intermittent’ and ‘predictable summer 
highly intermittent’ flow regime categories of Kennard et al., (2010). It also includes the 
mediterranean parts of Australia in south-west Victoria, southern South Australia and 
south-west Western Australia (Aschmann, 1973). Much of the freshwater biota in 
southern Australia is comprised of or derived from cool stenotherms (cool-water 
temperate species; Davies 2010; Robson et al. 2012) and is therefore likely to be more 
sensitive to increased temperatures and more frequent and prolonged drying than the 
fauna of more arid areas. The overall aim of this research project was to develop and 
evaluate methods to enhance the role, function and resilience of refuges for freshwater 
biodiversity in southern Australia. It focussed on means to maintain the physical 
conditions in refuges within ranges tolerable for species and to maintain connectivity 
that allows species to retreat to, and expand from, refuges. We have used the National 
Water Commission definition of refuges as places secure from one or more 
disturbances that are sources of colonists for the wider landscape after disturbance has 
ceased (Robson et al. 2008), which is consistent with the terminology used by Lake 
(2011) and Keppel et al. (2012). 
Environmental managers have a range of tools available to them for managing 
freshwater biodiversity, yet as climate change progresses, future water regimes will 
differ from those that occur now (Hobday & Lough 2011). New approaches are needed 
to assist freshwater ecosystems to begin to adapt now to changing climate and water 
regimes. This project was designed to investigate potential novel methods for 
managing refuges to assist freshwater ecosystems to adapt to future climate. While 
some of these approaches are not needed or used at present (or have yet to be widely 
considered by managers), they may become more feasible and useful as climate 
change progresses. Similarly, the balance of costs and benefits for each approach will 
change as climate change progresses and ecosystems adapt. 
This project has not identified climate change refuges for species, but environmental 
managers will need to identify refuges within the catchments that they manage in order 
to use the approaches described here. Readers are referred to Robson et al. (2008; 
available from NWC website) for a list of potential types of refuge for freshwater 
biodiversity (including all groups of native freshwater plants and animals) in Australia. It 
is important to recognise that although end-users and the public are often most 
concerned about larger animals such as waterbirds and fish or iconic plants such as 
river gums; most freshwater biodiversity is comprised of invertebrates. Invertebrates 
are also important in many ecological processes and are food for many larger animals. 
For these reasons, it is as important to consider refuges for invertebrates as it is for 
larger and iconic species and therefore the present project covers multiple faunal 
groups. Refuges for freshwater biodiversity may in some cases be very small, such as 
groundwater seeps or perennial pools that may only be a metre in diameter. While 
such refuges are important for sustaining biodiversity (Chester & Robson 2011), they 
will be very difficult to identify using remote sensing. Remote sensing and GIS may be 
useful to identify potential locations of small refuges, and aerial surveys used in the 
present project proved successful in identifying refuge locations along river channels.  
However, the capacity of small landscape features to act as refuges and identification 
of the species using them can only be confirmed by visiting them. 
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Temperature increases are one of the most intractable climate change issues for 
species because ambient temperatures directly affect enzyme systems that are 
important for growth and reproduction. For freshwater species, they are compounded 
by the low flows and drought increasingly seen across southern Australia. The use of 
cool-water flow releases (CWR), or ‘shandying’ of warm surface waters with cooler 
bottom waters from large water storages that thermally stratify over summer, has not 
been evaluated for its feasibility for reducing water temperatures in rivers (Robson et 
al. 2008). Targeted releases of cool bottom waters from large water storages that 
stratify during summer may be able to be used to provide thermal refuges for biota in 
downstream river channels. These releases may enhance the resilience of in-stream 
biota to climate change by allowing species to continue to reproduce, especially if older 
animals can tolerate increased temperatures at other times. Sub-project 1 investigated 
the feasibility of using cool-water releases and shandying to control water temperature 
in rivers. 
The feasibility of using riparian vegetation to control water temperatures in the longer-
term has been established (Rutherford et al. 2004) but there is no method for deciding 
where or when planting should occur at a catchment scale to ensure maximum long-
term benefits. Sub-project 2 developed a decision support tool to identify where to 
replant riparian vegetation at the catchment scale. 
Potentially, the greatest contribution to resilience during droughts is the use of existing 
and future anthropogenic refuges. These are human-created habitats for freshwater 
fauna and flora: increasingly the most abundant perennial waterbodies in southern 
Australia during drought (Robson et al. 2008). Developing the knowledge to effectively 
manage anthropogenic habitats as refuges will require a research effort larger than the 
present project. However, progress can be made towards this goal by identifying the 
qualities of these refuges that will allow survival in a drying landscape, and 
investigating whether organisms that survive in refuges can also survive in natural 
habitat. If anthropogenic refuges can replace some natural attributes, and supply 
colonists to replace populations lost during extreme events, then the number of 
opportunities to survive in the disturbed landscape under climate change will be greatly 
increased. Sub-project 3 investigated the potential for artificial urban wetlands (i.e. 
anthropogenic habitat) to act as refuges for freshwater biodiversity. 
Redundant water regulation infrastructure such as in-stream dams and weirs are 
increasingly being removed in some parts of the world to restore connectivity in river 
systems, but not specifically to assist access to refuges from climate change. However, 
processes to mitigate or remove in-stream barriers in southern Australia are 
inconsistent and have not focussed on how those structures may prevent access to 
upstream refuges in ephemeral rivers, nor how they may themselves provide valuable 
artificial refuge. In some cases, removal of barriers to movement by river biota may 
reduce the extent or effectiveness of refuges instead of enhancing them (by directly 
reducing available refuge, or facilitating permeability to invasive species or parasites). 
Therefore, a process is required that can be applied across southern Australia and that 
identifies, assesses and prioritises in-stream barriers for removal or mitigation, whilst 
taking account these factors. Clear guidelines are needed to identify the situations 
where removal of infrastructure will increase the resilience of refuges during climate 
change. Sub-project 4 developed methods for identifying redundant infrastructure and 
prioritising structures for removal during river restoration. 
These four approaches (Figure 1) have the potential to increase the options available 
for environmental managers to assist freshwater ecosystems to adapt to climate 
change. The approaches address different spatial and temporal scales.  
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Riparian replanting is a long-term approach to cooling rivers in their upper and middle 
reaches. It takes some years for shading to occur after replanting (Becker & Robson 
2009) but then it provides permanent cooling over the river lengths replanted 
(Rutherford et al. 1997, 2004). In contrast, ‘shandying’ might be used for shorter time 
periods (days to months) but can cool up to hundreds of kilometres of river length, 
depending on the amount of water released and the geomorphological characteristics 
of the river system. 
A wide variety of types of barrier to the movement of biota exist in river systems, and 
barrier removal is a permanent approach to increasing connectivity. However, the 
decision to use CWR or to remove or mitigate barriers must be made based on 
rigorous assessment of the potential positive and negative impacts. Lastly, 
anthropogenic refuges have the potential to affect biodiversity both over the short and 
long term and generally across whole networks or catchments of wetlands and rivers. 
This report presents a summary of these four approaches, their potential uses and 
feasibility and the knowledge gaps that need to be addressed to improve their potential 
as effective management options for climate change adaptation in freshwater 
ecosystems. Detailed analyses of their use, feasibility and the existing literature and 
data supporting these analyses are provided in four Technical Reports that underpin 
this document. Two of those technical reports: riparian replanting and barrier removal, 
also contain decision-support tools to assist managers in applying these approaches. 
Figure 1: Four methods of enhancing the resilience and function of refuges for 
freshwater biodiversity.  Cool-water dam releases (shandying) and riparian 
replanting lower stream temperatures. Artificial habitats such as human-created 
perennial ponds (small blue circles) may provide refuges from drying for wetland 
species. The removal of redundant barriers across streams may improve 
connectivity for riverine species.  
Artificial perennial ponds
- Permanent water for wetland 
invertebrates
Barrier removal
- Access to refuges
Lower temperature
- Riparian planting
Lower temperature 
– dam releases
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1.1 Sub-project 1 – Evaluating the utility of cold-water releases 
(shandying) for enhancing the resilience of riverine species 
This sub-project comprised a literature review examining whether targeted cold-water 
releases (CWR) from large water storages could be used to sustain riverine 
populations of native fish and other freshwater species by lowering in-stream 
temperatures. The review discussed whether CWR and ‘shandying’ could be 
realistically delivered to the required habitats, and identified knowledge gaps 
associated with the application of these techniques in southern Australia. Cold-water 
releases could be used in a variety of ways to achieve different outcomes for refuges 
and these were evaluated. Case studies are presented showing how this technique has 
been used to facilitate the life cycle of fish species, together with a summary of whether 
cold-water releases were being considered or used as a management option by 
various environmental management agencies in Australia. A range of potential 
scenarios and management actions were developed using these case studies. 
Environmental managers have also provided feedback on the idea of using shandying 
in the future and the potential scenarios for use that were identified. See Cummings et 
al. (2013) for a detailed technical report on this Sub-project. 
1.2 Sub-project 2 – Riparian replanting for temperature control in 
streams.
Water temperature is increasing in temperate Australia particularly in small streams 
where riparian vegetation has been cleared. Drying and warming are also escalating 
due to climate change. The ability to predict how freshwater fauna may respond to 
these changes requires an understanding of thermal tolerances.  The 
SimpSTREAMLINE model developed by Rutherford et al. (1997) and modified by 
Davies et al. (2004) was developed to predict daily temperature fluctuations in streams.  
When used in combination with digital elevation models for mapping solar radiation and 
maps showing distribution of stream vegetation, it can be used to identify priority areas 
in catchments where replanting will increase shading and decrease temperatures.  
However, this model has not been applied in combination with existing faunal species 
distribution data, environmental and experimental data so that the outcomes of 
revegetation can be optimised for maximising freshwater biodiversity.  In order to 
determine optimal shading regimes for refuges using riparian plantings, we (1) 
established both species-specific tolerances and community-level thresholds of 
concern using existing experimental data as well as relationships between species 
distribution in the field and associated environmental data, (2) created GIS spatial 
layers for species-specific and community-level thermal tolerances at catchment or 
broader scales, (3) developed the scenario testing capacity of the SimpSTREAMLINE 
model approach adopted by Davies et al. (2004) for developing a riparian replanting 
strategy that will provide relief from high temperatures for refuge biodiversity, (4) tested 
this approach for selected case studies in two bioregions on the south coast of 
Australia. See Cook et al. (2013) for a detailed technical report on this Sub-
project.
1.3 Sub-project 3 – Can anthropogenic refuges enhance the 
survival of freshwater refuges? 
Anthropogenic habitats are those created by humans and some may have the potential 
to act as refuges for freshwater biodiversity. A wide range of anthropogenic freshwater 
habitats exists, including dams, ditches and urban ponds. For some species, 
anthropogenic refuges will be absolutely critical for surviving a drying climate in both 
rural and urban areas because they are likely to form the only reliable, permanent 
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source of water; but these refuges can also provide a model system to explore the 
responses of organisms in other places, because they exist now and are predictable in 
the landscape. We examined the diversity of aquatic invertebrates that survive in 
wetlands in the urban landscape of Perth that are artificial or have been heavily 
modified and have artificially maintained water levels during the summer dry period 
when natural wetlands increasingly dry out. We reviewed the international literature on 
anthropogenic freshwater habitats to determine their potential to act as refuges and the 
characteristics of anthropogenic habitats that correlate with higher biodiversity and 
greater suitability as refuges. 
Many species, including those that would normally survive seasonal drying, are likely to 
have been lost from natural wetlands through recent, extreme drying events. Many 
invertebrates can recolonize natural wetlands through dispersal (resilience traits) but 
many still need strategies to survive annual, seasonal drying out in order to persist 
there (resistance traits) (Chester & Robson 2011). Anthropogenic refuges may provide 
a source of colonists, but the potential to adapt to conditions in natural wetlands may 
be compromised through loss of genetic diversity. We investigated this dependence on 
resistance traits by, 1) determining how well the species assemblages in artificial 
wetlands represent landscape biodiversity, 2) determining whether animals surviving in 
artificial wetlands had resistance traits, and 3) whether these animals might actually be 
able to use these traits to survive seasonal drying in natural wetlands.  
This work will show how anthropogenic refuges can operate to protect invertebrate 
populations within a habitat network – natural wetlands - that will be increasingly 
affected by climate change. Some species may adapt by surviving in perennial urban 
ponds, relying on their ability for dispersal after extreme drying events to recolonise 
natural wetlands, and then relying on their resistance traits to survive in situ the 
summer drying that is now the norm in natural wetlands in south-western Australia. 
Refuges in natural wetlands and the greater landscape may both be needed to ensure 
long term adaptation to climate change. There is a danger that there are important 
refuges for the life cycles of many organisms that are ignored in conservation planning 
because they lie outside protected areas. As natural wetlands become fundamentally 
altered by human activities, artificial water bodies may retain attributes that may 
substitute for attributes lost from, or occurring less frequently in natural wetlands and 
may therefore augment habitat and refuges remaining in natural wetlands. See 
Chester et al. (2013) for a detailed technical report on this Sub-project.
1.4 Sub-project 4 – Modifying small barriers to improve 
connectivity in rivers. 
Removing or modifying redundant in-stream barriers in rivers across southern Australia 
may increase river connectivity and access to refuges under future low flow scenarios. 
However, rigorous identification and prioritisation of barriers for removal or modification 
is required to prevent unintended negative impacts such as the loss of increasingly 
important refuge habitat or spread of exotic species. We reviewed barrier removal 
projects globally, assessed the positive and negative impacts of barriers, and 
developed a protocol for identifying and prioritising in-stream barriers for removal or 
mitigation across southern Australia. We then tested the protocol using two databases: 
the location of in-stream barriers in south-western Australia (Department of Water) and 
the distribution of freshwater fishes in this region (~1500 sites; Murdoch University). 
Three catchments from these two databases were selected in south-western Australia 
to apply the prioritisation tool. These catchments varied in terms of size, number of 
stream orders, and native and introduced species composition, ensuring that the 
prioritisation tool was tested across a range of catchment scenarios. As part of the 
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protocol, the project also directly engaged local stakeholders, quantified the cost-
effectiveness of rapid aerial surveys of barriers, and ground-truthed existing GIS 
information about barriers within these catchments. See Beatty et al. (2013) for a 
detailed technical report on this Sub-project. 
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2. RESEARCH ACTIVITIES AND METHODS 
Below is a summary of the methods used in each sub-project. Detailed descriptions of 
methods for each sub-project can be found in the Technical Reports. Researchers and 
end-users participated in two forums at Murdoch University, an introduction to the 
project, its aims and the researchers held in November 2011 and a final forum 
presenting project results in November 2012. 
2.1 Sub-project 1 - Evaluating the utility of cold-water releases 
(shandying) for enhancing the resilience of riverine species. 
A literature review of Australian and overseas literature was used to outline the 
following: 
1. Predicted changes in water temperature associated with human induced climate 
change
2. Ecological importance of in-stream temperature regimes 
3. Ecological costs and benefits of cold-water or hypolimnetic releases 
4. Temperature tolerance information for lotic biota 
5. Individual case-studies that have investigated the potential for using cold-water to 
facilitate persistence of important fish species 
6. Examples of current thermal regimes for impounded rivers using a subset of 
Victorian water storages 
7. Capacity for cold-water releases to alter in-stream temperatures in Australia. 
In addition, the following information was also collated: 
x A summary of the current thinking of natural resource managers in eastern 
Australia regarding future use of cold-water releases to ameliorate increasing 
stream temperatures 
x Possible future scenarios by which managers in Australia could attempt to use 
targeted cold-water releases, important knowledge gaps and recommendations 
regarding future monitoring that should accompany such a trial. 
Topics 1 – 4 (listed above) served as an introduction to the information collated on 
CWR. For the most part, these topics have been extensively reviewed elsewhere, so 
we did not attempt to undertake a comprehensive review of each topic. Full details are 
found in the accompanying sub-project technical report. For this main report, we have 
focussed on findings relating to the capacity for CWR to alter in-stream temperatures, 
current thinking regarding this topic on behalf of natural resource managers and 
scenarios for possible future use of cold-water releases. 
2.2 Sub-project 2 – Riparian replanting for temperature control in 
streams.
Species specific and community level Upper Thermal Tolerances (UTTs) for aquatic 
invertebrates were determined using experimental data as well as relationships 
between species distributions and associated environmental data.  Species-specific 
UTTs were determined for four species by experimentation (LT50 testing):  the 
caddisfly Cheumatopsyche modica (Hydropsychidae), the mayflies Offadens soror
(Baetidae) and Nyungara bunni (Leptophlebiidae), and the dragonfly Austroaeschna
anacantha (Telephlebiidae).  Experiments followed standard protocols to determine the 
temperature at which 50% of the experimental organisms died (LT50 values). 
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These experimentally derived UTTs were compared against those of other similar taxa 
based on an extensive review of available literature. Values for UTTs identified from 
the literature were compared amongst major groups of aquatic invertebrates, and 
amongst families within selected groups, using box-and-whisker diagrams.  
As this review revealed that only limited data exists for UTTs for aquatic invertebrates 
(about 80 species in 40 families) worldwide, with only four species tested to date in 
Australia, we also estimated UTTs using field data.  A total of 14,950 records of 
species-temperature occurrences in south-western Australia were used to determine 
the maximum temperature at which aquatic invertebrates have been recorded, the so-
called Maximum Field Distribution (MFD) temperature.  Although field studies of 
invertebrate presence/absence at sites of different temperatures do not establish a 
causal link between temperature and mortality, these studies do give some indication 
of the likely temperature tolerances of species.  Comparison of experimentally derived 
UTTs and MFDs were made for 16 invertebrate families where data were available for 
two or more species. 
To assess the usefulness of using UTTs to determine riparian management goals, we 
examined community level responses to shading, based on the relative proportions of 
temperature ‘sensitive’, ‘tolerant’ and ‘very tolerant’ invertebrate taxa at paired (shaded 
and unshaded) sites in the Marbellup Brook catchment, Western Australia. 
Finally we developed a simple Microsoft Access database as a tool to predict the 
response of biodiversity to changes in temperature resulting from activities such as 
replanting riparian vegetation.  It is intended that this approach be used in association 
with outputs from the SimpSTREAMLINE model to set targets for stream restoration 
2.3 Sub-project 3 – Can anthropogenic refuges enhance the 
survival of freshwater refuges? 
Methods used in this sub-project were as follows: 
1. We reviewed literature describing the biodiversity of freshwater anthropogenic 
ecosystems and their potential to act as refuges from disturbance, especially 
climate change. We identified research on a wide range of ecosystems, using 
ecosystem names as keywords along with ‘artificial’ and ‘freshwater’ in literature 
searches in the Scopus database.  
2. Sampling of natural and artificial or heavily modified wetlands in the Beeliar wetland 
system on the Swan Coastal Plain (SCP) to describe invertebrate assemblages 
and determine the degree of overlap between fauna lists between natural and 
artificial wetlands in spring (November 2011), late summer (March 2012) and winter 
(May 2012). 
3. Rapid assessment invertebrate sampling of 70 artificial wetlands across the SCP to 
determine the range of artificial freshwater habitats present, their invertebrate 
assemblages and to search for physical and water quality variables associated with 
higher biodiversity. 
4. Experiment 1 - Laboratory experiment using invertebrate assemblages collected 
from natural and artificial Beeliar wetlands and maintained in microcosms, to 
determine survival strategies of different invertebrate species during wetland 
drying. Level of shade and degree of drying were manipulated. Microcosms were 
sampled after 5 days and 20 days and mode of survival was recorded. 
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5. Experiment 2 - Laboratory experiment testing the function of drought survival traits 
in populations of key invertebrate taxa from natural and artificial wetlands. Three 
taxa chosen for their important ecological roles and different drought survival 
strategies were used. Individuals were kept in microcosms where controls retained 
interstitial water (but no surface water), and experimental treatments had no 
interstitial water, with or without organic matter present. Organic matter may act to 
protect invertebrates from direct heat during drying. Each microcosm was sampled 
at three times. Mode of survival and variation in survival rates between taxa and 
between populations was recorded. The gastropod Physa acuta is an invasive 
species but is the most abundant grazing snail in SCP wetlands, is an important 
algal grazer and resists drying using dehydration. Damselfly nymphs of the species 
Ischnura aurora, Ischnura heterosticta and Xanthagrion erythroneurum are some of 
the most widely distributed and abundant invertebrate predators in SCP wetlands. 
Their response to drying was not known. The leptocerid caddisfly Triplectides 
australis is a very widespread shredding caddisfly. Its role is to increase the supply 
of fine particulate organic matter to freshwater ecosystems and it survives drying as 
a larva using aestivation (e.g. Wickson et al. 2012).  
2.4 Sub-project 4 – Modifying small barriers to improve 
connectivity in rivers. 
This sub-project was underpinned by a review of the literature relating to in-stream 
barriers along with expert opinion from researchers with direct experience in 
developing and implementing prioritisation processes in Australia.  Methods used in the 
sub-project were as follows: 
1. A global review of literature was conducted on the ecological, economic, and social 
impacts (positive and negative) of in-stream barriers. The review included 
identifying existing processes for identification, prioritising and mitigating in-stream 
barriers. 
2. A stepwise process involving five phases was developed to identify and prioritise 
in-stream barriers for mitigation and removal. 
3. As part of the process, a complementary aerial barrier and refuge survey technique 
was developed.  
4. A score and ranking system was developed to prioritise in-stream barriers for 
removal or mitigation that specifically incorporated positive and negative impacts of 
barriers in lotic systems across southern Australia. 
5. Two complementary databases were analysed in order to extract key information to 
be used in the trialling of the process.  These were the Department of Water 
(Government of Western Australia) potential fish barrier database, and the 
Freshwater Fish Group and Fish Health Unit (Murdoch University) freshwater fish 
database.
6. The process was trialled in three catchments of varying characteristics in south-
western Australia. 
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3. RESULTS AND OUTPUTS 
One output of this project and the forums with end-users has been increased research 
and adaptive capacity. Research capacity has been increased through the involvement 
of research students and early career researchers, the development of research 
methods and the bringing together of research teams and their data, for synergistic 
outcomes. Adaptive capacity has begun to be increased through communication of the 
research results to end-users, and this process will continue with further interactions 
and the distribution of this Report and the four Technical Reports from the project. 
3.1 Objectives for refuge management 
A range of objectives are possible for the implementation of these four approaches to 
refuge management (Table 1). Following identification of refuges or potential refuges, 
Table 1 can be used to determine whether refuge management objectives can be met 
using these approaches. 
Table 1: Potential targets for refuge management using the four approaches 
investigated in this research project 
Objectives Shandying Riparian 
replanting 
Anthropogenic 
refuges4
Barrier
removal 
Reduce temperatures 
in refuges 
X X   
Increasing potential 
colonization sources 
X1 X X X 
Assist dispersal into 
and out of refuges 
X X2 X3 X
Increase biodiversity in 
refuges 
X X X X 
Increase permanence 
or resilience of refuge 
X X X X 
Increase resistance or 
resilience of refuge 
during extreme events 
X X X  
1 – CWR could potentially remove thermal barriers between river tributaries to connect 
colonization sources within a river network. 
2 – Aerially-dispersing insects sometimes rely on riparian vegetation to guide dispersal (Collier 
& Smith, 2000), so replanting riparian vegetation might assist movements into and out of 
refuges. 
3 – By providing stepping stones for dispersing species. 
4 – Details of management for each of these objectives can be found in section 3.2.3.5 of this 
report. 
3.2 Application of the approaches for refuge management 
In this section, we describe the evidence supporting the effectiveness of each 
approach to refuge management and the various ways in which each approach may be 
applied to achieve the objectives outlined in Table 1. 
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3.2.1 Application of cold-water releases  
Environmental water is released from reservoirs for a variety of purposes, not 
necessarily related to climate change adaptation or refuges. It is widely acknowledged 
that CWR can be associated with several negative impacts in downstream ecosystems, 
including thermal shock and reductions in water quality (e.g. low dissolved oxygen, 
elevated nutrients).  Therefore, any use of CWR would need to be very carefully 
managed and integrated with any existing environmental flow release program for a 
particular river. In some cases, decisions will need to be made about the trade-off 
between the use of environmental water to address climate change impacts versus the 
potential to contribute to other environmental problems (e.g. poor water quality). Here, 
we list three potential reasons to consider the use of CWR for climate change 
adaptation providing that other negative impacts can be adequately addressed. 
1. To mimic natural thermal regimes 
Ideally, targeted cold-water releases would be most successful if they were used to 
mimic natural thermal regimes, as has been recommended in both the scientific 
literature and technical reports (Ryan et al. 2001; Olden & Naiman 2010). However, 
very few direct examples of successfully restored thermal regimes exist in the peer-
reviewed literature, and for those studies that do exist, biotic responses have been 
variable (Vinson 2001). Currently, mimicking natural thermal regimes, particularly daily 
and weekly regimes, would be extremely difficult to achieve for nearly all major dams in 
Australia due to inadequate infrastructure and because continual adjustment of dam 
infrastructure settings is not economically viable.  
2. To reduce frequency and duration of high temperature events 
Short-range weather forecasts could be used for the preparation and planning of 
targeted cold-water releases to prevent the frequency and duration of extreme high 
temperature events. This technique would require continual monitoring of water 
temperatures both above and below a dam wall. Planned environmental flow releases 
during summer to prevent periods of low dissolved oxygen and stream temperatures 
exceeding 25oC had already being considered for the Yarra River in Victoria, but this 
technique had yet to be directly implemented (Anna Lucas, Melbourne Water, pers. 
comm., December 2012).  
3. To facilitate movement and migration of fish between thermal refuges or tributaries 
during critical life-cycle stages (‘stepping stone’ refuges) 
Carefully planned cold-water releases might be considered for facilitating migration 
patterns of fish by re-establishing suitable thermal connectivity between multiple 
naturally-occurring thermal refuges, or to allow migration of fish between tributaries in 
order to complete crucial stages of their life cycle (e.g. provide access to spawning 
habitat). Cold-water releases could also be used to facilitate temperature-cued fish 
migrations. Specific case studies (Horne et al. 2004; Krause et al. 2005) that discuss 
the potential of using this technique to facilitate the persistence of cold-water fish (e.g. 
salmonids) in the Northern Hemisphere are discussed in the technical report 
(Cummings et al. 2013). While this approach focuses on the facilitation of fish migration 
and habitat provision, it is possible that other components of the ecosystem (e.g. 
sensitive macroinvertebrates) may also benefit from the releases if their temperature 
tolerances were also being exceeded.  
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3.2.2 Application of riparian replanting 
3.2.2.1 Laboratory experiments 
Upper Thermal Tolerance determined by experimentation varied among the four 
Australian test species. Dragonflies were the least sensitive to high water temperatures 
with a LT50 value of 33.5oC (after 96h exposure).  Caddisflies were more sensitive to 
high water temperatures than dragonflies:  an LT50 value of 30.7oC was calculated for 
this species.  The two species of mayflies were the most sensitive to high water 
temperatures, with LT50 values of 20.5oC estimated for the baetid Offadens soror, and 
21.9oC for the leptophlebiid Nyungara bunni.
The results of our laboratory experiments and review of the literature confirm 
considerable taxonomic differences in ability to tolerate high water temperatures (Table 
2).  Based on data for 81 species in 40 invertebrate families (or subfamilies), UTTs 
ranged from 22.3oC for Ephemeroptera (mayflies) to 43.4oC for Coleoptera (beetles). 
Mayflies (Ephemeroptera) and Stoneflies (Plecoptera) were shown to be particularly 
sensitive (e.g. Ward & Stanford 1982; Quinn et al. 1994), supporting the use of this 
group as a part of commonly-used EPT (Ephemeroptera, Plecoptera and Trichoptera) 
index for testing of ecological water quality.  These taxa contrast with the higher 
tolerance levels of beetles (Coleoptera), dragonflies (Odonata, mean UTT = 41.9oC), 
and to a lesser extent, planarians (mean UTT = 32.2oC).  While thermal tolerance 
studies on dragonflies are limited, it does appear that these animals are able to tolerate 
higher temperatures than many other components of the freshwater fauna (e.g. Martin 
& Gentry 1974).   
Variation in UTTs among taxa suggests that additional thermal shifts, caused by 
riparian disturbance and/or climate change, are likely to create novel assemblages due 
to the loss of temperature-sensitive species and the filling of elevated-temperature 
niches by more tolerant taxa. The fact that data obtained for Australian species is 
consistent with those of similar taxa enables the utilisation of a more comprehensive 
UTT database derived from studies elsewhere. It is important to note however, that 
UTTs are likely to vary among species from within the one family and also among 
individuals of the same species in different regions due to the effects of local 
adaptation.
Table 2 Mean upper thermal tolerance levels (UTT) as determined in a review of 
laboratory experiments using either lethal temperature (LT) or critical thermal 
maximum (CTM) approaches for selected macroinvertebrate groups.  n = sample 
size, S.E. = standard error.  Lower case letters indicate results of statistical tests 
for significant differences.  Means that share the same letter are not significantly 
different, means that have different letters are significantly different. 
Taxonomic  
Group 
Mean UTT (oC) n S.E. Minimum-maximum 
(oC) 
Planaria 32.2abc 2 0.3 31.9-32.4 
Oligochaeta 26.7ab 1 - - 
Mollusca 31.5b 4 0.4 30.5-32.4 
Amphipoda 24.3ab 3 5.6 14.6-34.1 
Decapoda 29.6b 9 1.3 25.7-35.6 
Ephemeroptera 22.3a 13 1.4 11.7-31.8 
Odonata 41.9c 27 0.7 32.5-47.6 
Plecoptera 27.2ab 14 1.4 16.5-33.4 
Trichoptera 30.1b 19 0.9 21.7-36.5 
Diptera 27.2ab 10 1.4 20.1-32.4 
Coleoptera 43.4c 9 1.4 32.6-46.4 
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3.2.2.2 Maximum Field Distributions 
For the eight insect orders investigated, mean MFD temperatures ranged from 18.4oC
in the Ephemeroptera (mayflies) and Plecoptera (stoneflies) to 22.2oC in the 
Coleoptera (beetles) (Fig. 2a).   Those temperatures for molluscs ranged from 16.1oC
in the family Hydrobiidae to 26.5oC in the family Pomatiopsidae (Fig.2b). Mean MFD 
temperatures were similar across the five major crustacean groups investigated.  
For the comparison of laboratory and field derived UTTs, a total of 16 invertebrate 
families were available with both LT50 and MFD estimates.  Mean MFD values were 
always less than their LT50 values, and there was a relatively weak but statistically 
significant correlation between the two estimates, confirming that MFDs were suitable 
for determining UTTs of invertebrate taxa. It is important to note however, that MFDs 
are likely to vary among species from within the one family and also among individuals 
of the same species in different regions due to the effects of local adaptation. 
3.2.2.3 Case study and scenario testing 
When the frequency of ‘sensitive’, ‘tolerant’ and ’very tolerant’ taxa between each of 10 
pairs of shaded and unshaded sites in the Marbellup Brook catchment were compared, 
five were found to have significantly different ratios of these taxa.  In particular, there 
were more temperature-‘sensitive’, and less ‘very tolerant’ taxa at shaded than 
unshaded sites.  
Rehabilitation of riparian vegetation is commonly used in stream restoration to reduce 
sediment and nutrient inputs and stabilise stream banks.  More recently, replanting of 
riparian vegetation has been advocated as a useful approach to manage instream 
temperature.  Although the SimpSTREAMLINE model can provide information on the 
replanting required to achieve temperature targets, it does not allow for the setting of 
targets relating to the response of biodiversity to reductions in temperature achieved 
through this restoration.  To demonstrate how knowledge of UTTs of aquatic 
invertebrates can be used to predict biodiversity responses, we used a Microsoft 
Access database tool to identify the changes in the frequencies of ‘sensitive’, ‘tolerant’ 
and ’very tolerant’ taxa at various test locations.   
Input variables for this tool include, temperatures before and after planting (e.g. outputs 
from SimpSTREAMLINE), taxa lists (e.g. species, families) for catchments, bioregions 
or other areas of interest and the estimated UTTs of these taxa.  Outputs from this tool 
include lists of predicted taxa and graphical representation of the frequency of 
‘sensitive’, ‘tolerant’ and ’very tolerant’ taxa at test sites.  Using the UTTs developed in 
this study, this tool can be used to set biodiversity targets for replanting riparian 
vegetation aimed at reducing water temperature elsewhere in temperate Australia (see 
Cook et al. 2013).   
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a)
b)
Figure 2: Maximum Field Distribution temperatures for a) 8 insect orders and b) 7 
mollusc families present in south-western Australia.  Boxes span the 
interquartile range of values; horizontal line indicates the median, vertical 
whiskers extending beyond the boxes represent minimum and maximum values.
3.2.3 Application of anthropogenic habitat as refuges  
3.2.3.1 Results of the literature review 
Formerly, most studies of anthropogenic habitat focused on their capacity to assist 
spread of invasive species. Recently, more studies record and recognize the 
biodiversity they support. Some are refuges for biodiversity and others could become 
refuges with altered management. The literature review showed that freshwater 
anthropogenic habitats are more often standing waters (lentic) than running waters 
(lotic).  
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Agricultural ponds, rural and urban drainage ditches and transport canals were the 
most diverse for all aquatic taxa, whereas irrigation infrastructure was least diverse. 
Comparatively little is known about fire dams, urban artificial ponds, golf course lakes, 
disused industrial ponds and retaining walls. 
Key qualities associated with high biodiversity were: presence of macrophytes (for 
animals), absence of fish (for amphibians, invertebrates), natural bed materials and 
hydroperiod (all biota). Hydroperiod is important because it needs to be sufficient to 
allow animals to complete reproduction and juvenile stages successfully (e.g. Rysava-
Novakova et al. 2009; Brand & Snodgrass 2010; Canals et al. 2011) or to disperse 
(e.g. Hohausová et al. 2010) and it may also determine the composition of macrophyte 
flora (e.g. Rolon & Maltchik 2010). 
Landscape variables associated with high biodiversity were: proximity to other 
waterbodies (Gledhill et al. 2008; Williams et al. 2008; Hamasaki et al. 2009), 
especially natural waterbodies (Colvin et al. 2009); connectivity with other waterbodies 
(Casas et al. 2011; Katayama et al. 2011); presence in landscapes where the majority 
of analogous (sensu Lundholm & Richardson 2010) habitat has been lost (e.g. Herzon 
& Helenius 2008; LeViol et al. 2009; Brand & Snodgrass 2010); proximity to areas of 
natural terrestrial vegetation (e.g. Williams et al 2008; Colding et al. 2009; Colvin et al. 
2009; Hamasaki et al. 2009; McCarthy & Lathrop 2011). All of these variables 
demonstrate that the importance of dispersal processes in the utility of anthropogenic 
refuges.
Moderate levels of management intervention were also associated with higher 
biodiversity. Probably, frequent maintenance of artificial waterbodies for their intended 
purpose (e.g. clearing of drains etc.) will negate refuge function; but more careful 
management could be carried out that does not significantly affect those purposes. 
Interestingly, the role of water quality variables, including levels of a variety of toxins, in 
the quality of artificial habitats for freshwater species is equivocal (e.g. McCarthy & 
Lathrop 2011). It is therefore not yet possible to make generalizations about the role of 
these pollutants in determining habitat quality. Many anthropogenic habitats, perhaps 
most, will contain some pollutants from road drainage, stormwater, irrigation drainage 
et cetera.
Generally, habitat in urban, agricultural and industrial landscapes will have simplified 
structure compared with that in less disturbed landscapes, so “among-patch” 
heterogeneity may be the best way to ensure the diversity of habitat qualities needed to 
preserve biodiversity. Indeed, several studies recommend that artificial wetlands are 
managed to provide a mosaic of habitats with different hydroperiods to maximise 
biodiversity (e.g. Williams et al. 2008; Stenert et al. 2009) and to address both reduced 
rainfall and habitat loss. The role of connectivity through drains is likely to be very 
important for sustaining refuge function; for example the quality of refuges for animals 
which disperse aerially or terrestrially, like insects and anurans, might be reduced by 
changes in the timing and intensity of flows which mediate access by fish predators. 
The largest limitation to anthropogenic habitats providing refuges for freshwater 
biodiversity is the lack of recognition of their actual or potential biodiversity value. 
Presently, many of these habitats are ignored or denigrated as part of water 
management policy  and this means that they are likely to be destroyed as part of 
water management or development processes (e.g. Brainwood & Burgin 2009; Canals 
et al. 2011; Casas et al. 2011), without first considering their function as refuges in the 
landscape. Anthropogenic habitats need to be recognized for their potential to support 
biodiversity conservation and climate change adaptation for freshwater species, while 
being managed to prevent the spread of invasive species.  
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It is possible that the aquatic fauna of rural and urban landscapes is a homogenous 
subset of that which existed prior to European settlement and land clearing (Lake et al., 
2010). However, in rural and urban landscapes where the total loss of freshwater 
habitat has been large, any habitat at all, whether natural or anthropogenic, needs to 
be considered for its capacity to support biodiversity. The review provides sufficient 
evidence to show that all anthropogenic freshwater habitats are worthy of evaluation of 
their present biodiversity value and their actual or potential roles as refuges from 
disturbances resulting from habitat loss or climate change. 
3.2.3.2 Representativeness of macroinvertebrate assemblages in anthropogenic 
wetlands. 
The macroinvertebrate surveys of the SCP wetlands indicated that artificial and heavily 
modified wetlands supported similar species to the natural wetlands. Macroinvertebrate 
abundances were higher in natural wetlands, but very few species (< 5%) were absent 
from artificial wetlands. However, individually, artificial wetlands often contained fewer 
species than natural wetlands. This means that multiple artificial wetlands are required 
to replace the biodiversity of a single natural wetland. Together with the results of the 
experiments and the literature review, these results clearly demonstrate that multiple 
perennial, artificial wetlands will be needed to provide refuges during extreme drought 
events and to recolonise natural wetlands. 
3.2.3.3 Rapid assessment and characterization of anthropogenic and natural 
waterbodies on the SCP 
A wide diversity of physical forms of anthropogenic waterbody were sampled, including 
flowing and standing waters and perennial and seasonal waterbodies. 
Macroinvertebrates differed between flowing and standing waters and between 
seasonal and perennial waterbodies but there were no consistent differences between 
anthropogenic and natural waterbodies. Water quality did not differ consistently 
between any of these factors and did not explain a significant amount of variation in the 
macroinvertebrate assemblages. Physical attributes of the waterbodies also explained 
little variation except for natural flowing waters, which were distinguished by having 
natural riparian vegetation due to their location in parks and reserves. Within the 
anthropogenic waterbodies only, dissolved oxygen was one of the few variables 
associated with higher invertebrate diversity. Dissolved oxygen was higher in wetlands 
with beds of aquatic plants and little anoxic sediment and both these qualities were 
also identified in the literature review as important for supporting higher biodiversity. 
Overall, it was difficult to predict macroinvertebrate assemblage composition from 
either water quality or the physical attributes of a waterbody and there were no clear 
distinctions between anthropogenic and natural wetlands. 
3.2.3.4 Experimental results - capacity for wetland invertebrates to resist drying 
and to recolonise natural wetlands from artificial wetlands. 
The laboratory experiments showed that, provided sediments remained saturated, 
most invertebrate species present in both natural and artificial wetlands in the Beeliar 
system could survive for up to 20 days. Survival strategies varied, with some groups 
using flying adult stages to emigrate from wetlands with no surface water (water 
beetles and water bugs). However, most invertebrates showed reduced activity but did 
not enter dormant stages whilst sediment remained saturated. Longer experiments 
would be required to determine how long species could withstand these conditions, but 
the presence or absence of shading did not alter survival rates. Details of survival for 
different taxa may be found in the supporting Technical Report. 
When the harshness of the drying treatment was increased by reducing interstitial 
water (by lowering the experimental "water table"), increased mortality among some 
invertebrate taxa was observed. However, for other taxa it made no difference or even 
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improved survival rates. This may be attributed to the different responses of taxa to the 
different conditions. For example, aquatic snails were dormant in the treatments that 
retained interstitial water, but in the drier treatment they became dehydrated. However, 
they re-awakened from both states when re-immersed and although it took more time 
for them to rehydrate, survival rates were similar between the two treatments. 
There were a few species very vulnerable to drying and they were all crustaceans with 
no desiccation resistant eggs. Populations of the shrimp Palaemonetes australis and 
the amphipod Austrochiltonia subtenuis are declining as climate change progresses on 
the SCP. These species are present in perennial anthropogenic wetlands and these 
wetlands may be providing refuge for them, however they will be less able to establish 
populations in natural wetlands that are increasingly seasonal. They also have limited 
powers of dispersal and must rely on surface water connections or zoochory to move 
across landscapes.  
In experiment 2, we used three widespread taxa with different drought survival 
strategies. The caddisfly Triplectides australis is capable of aestivation in its larval 
phase. We also found that it could emerge from aestivation and re-enter that state 
more than once during the 40 day experiment. It was therefore very resistant to drying 
and mortality was low and did not differ among all treatments. This species did not 
pupate during aestivation. The damselflies (Ischnura heterosticta, I. aurora and 
Xanthagrion erythroneurum) were capable of passing through metamorphosis in the 
absence of interstitial water and continued emerging from the experiment as flying 
adults for the first 20 days. Their survival rate as nymphs did not differ among 
treatments, but more emerged as adults in the two drier treatments than in the control 
which had interstitial water in the sediments. Emergence was highest in the dry 
treatment with organic matter, which also retained more moisture in the sediment. 
Therefore, the use of emergence by mature larvae as a drought survival trait was very 
robust, but was assisted by the presence of organic matter in the wetland sediment that 
retained more moisture than sand alone. The freshwater snail Physa acuta showed the 
least resistance to drying, but mortality patterns varied among populations but not 
between the treatments. In the absence of interstitial water the snail’s bodies 
dehydrated whereas where the sediment remained wet, the snails did not dehydrate 
but simply became dormant. Once re-wetted, the snails that had dehydrated took 
longer to wake up but mortality was not higher than among the dormant snails. Other 
factors must have determined mortality in this species as it was high in populations 
from some wetlands and not others.  
For perennial artificial wetlands to act as sources of colonists for natural wetlands after 
extreme droughts, colonists must be capable of withstanding 'average' annual drying in 
the natural wetlands that they colonise. Our results suggest that most populations of T. 
australis and the damselflies were capable of surviving drying. However, there was 
considerable variation among populations of the freshwater snail, and all of the snails 
from some artificial wetlands died in response to drying. While experimental factors 
may have increased mortality in the laboratory, this suggests that there will be 
variability among source populations in their capacity to withstand drying. It will 
therefore be essential to have multiple potential colonisation sources to maximise the 
genetic diversity of colonists and therefore their potential to retain the traits that allow 
populations to resist wetland drying. 
Therefore, there is strong evidence that artificial and heavily modified wetlands do 
contain species that could re-colonise natural wetlands after extreme drought and that 
those colonists would have the necessary traits to withstand future 'average' drying of 
those natural wetlands. Artificial and heavily modified wetlands can therefore act as 
recolonisation sources for natural wetlands. However, because of inter-population 
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variability in traits, it is recommended that multiple perennial artificial wetlands are 
managed as refuges in the landscape to sustain the genetic (and therefore the 
phenotypic) diversity of colonists. 
3.2.3.5 Objectives for refuge management using anthropogenic refuges (Table 
1).
This section draws the results of all four sections of the project together to provide 
recommendations for managing anthropogenic freshwater habitats as refuges, for each 
objective listed in Table 1. 
Increasing potential colonisation sources - anthropogenic freshwaters do have the 
potential to act as refuges and provide colonisation sources for natural freshwater 
bodies. Anthropogenic habitat can either be created or modified to provide refuges. 
Management of anthropogenic refuges to provide effective colonisation sources will 
need to: 
o Evaluate the biodiversity of all artificial freshwater bodies that are potential 
refuges within the management area. 
o Ensure multiple artificial freshwater refuges exist within catchments or groups 
of wetlands. This is to ensure representativeness of the biodiversity of 
potential colonists. 
o Promote the development of stands of native submerged and emergent 
aquatic plants (increases macroinvertebrate, fish and amphibian diversity) 
o Promote the development of native fringing/riparian vegetation. 
o Provide natural substrata (e.g. sand, gravel) on the beds of artificial 
freshwater bodies. 
o Manage connectivity with other freshwater bodies to restrict the spread of 
invasive species. 
o Manage connectivity with other freshwater bodies to enable recolonization of 
natural wetlands by native species of plants and animals. Mainly by ensuring 
that artificial refuges are within close proximity to natural wetlands. 
o Manage refuge hydroperiod so that it is long enough for plants and animals to 
complete their life histories. 
o Manage hydroperiod across a group of refuges to provide a diversity of 
habitat for species with different requirements. 
o Consider whether the catchment being managed has experienced the an 
overall increase in standing waterbodies at the expense of running waters, 
and consider restoration of streams or creation of artificial running waters 
(e.g. flowing ditches or drains). 
Assist dispersal into and out from refuges - anthropogenic freshwaters can act 
as 'stepping stones' for dispersal into and out from natural refuges, as well as 
acting as refuges in their own right. Management of artificial freshwaters as 
stepping stones to assist dispersal will need to: 
o Manage connectivity with other freshwater bodies to restrict the spread of 
invasive species. 
o Manage connectivity with other freshwater bodies to enable recolonization of 
natural wetlands by native species of plants and animals. Mainly by ensuring 
that artificial refuges are within close proximity to natural wetlands. 
o Manage refuge hydroperiod so that it is long enough for plants and animals to 
move across the landscape. 
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o Manage hydroperiod across a group of refuges to provide a diversity of 
habitat for species with different requirements. 
Increase biodiversity in refuges - the biodiversity of artificial refuges is enhanced 
by: 
o Ensure multiple artificial freshwater refuges exist within catchments or groups 
of wetlands. This is to ensure representativeness of the biodiversity of 
potential colonists. 
o Promote the development of stands of native submerged and emergent 
aquatic plants (increases macroinvertebrate, fish and amphibian diversity) 
o Promote the development of native fringing/riparian vegetation. 
o Provide natural substrata (e.g. sand, gravel) on the beds of artificial 
freshwater bodies. 
o Manage refuge hydroperiod so that it is long enough for plants and animals to 
complete their life histories. 
o Manage hydroperiod across a group of refuges to provide a diversity of 
habitat for species with different requirements. 
Increase permanence or resilience of refuges - artificial refuges can be 
increased in their resilience and perenniality by: 
o Promote the development of stands of native submerged and emergent 
aquatic plants (increases macroinvertebrate, fish and amphibian diversity) 
o Promote the development of native fringing/riparian vegetation. 
o Manage refuge hydroperiod so that it is long enough for plants and animals to 
complete their life histories. 
o Manage hydroperiod across a group of refuges to provide a diversity of 
habitat for species with different requirements. 
o Consider whether the catchment being managed has experienced the an 
overall increase in standing waterbodies at the expense of running waters, 
and consider restoration of streams or creation of artificial running waters 
(e.g. flowing ditches or drains). 
Increase resistance and resilience of refuges during extreme events - artificial 
refuges can provide supplemental refuges for freshwater biota during extreme 
events. Management can assist by: 
o Evaluate the biodiversity of all artificial freshwater bodies that are potential 
refuges within the management area. 
o Ensure multiple artificial freshwater refuges exist within catchments or groups 
of wetlands. This is to ensure representativeness of the biodiversity of 
potential colonists. 
o Promote the development of stands of native submerged and emergent 
aquatic plants (increases macroinvertebrate, fish and amphibian diversity) 
o Promote the development of native fringing/riparian vegetation. 
o Provide natural substrata (e.g. sand, gravel) on the beds of artificial 
freshwater bodies. 
o Manage connectivity with other freshwater bodies to enable recolonization of 
natural wetlands by native species of plants and animals. Mainly by ensuring 
that artificial refuges are within close proximity to natural wetlands. 
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o Manage refuge hydroperiod so that it is long enough for plants and animals to 
complete their life histories. 
o Manage hydroperiod across a group of refuges to provide a diversity of 
habitat for species with different requirements. 
3.2.4 Application of the barrier removal process  
3.2.4.1 Literature review: trends, impacts, and processes for in-stream barriers 
The global review of literature revealed rates of dam decommissioning has increased 
markedly in many parts of the world.  For example, it now exceeds construction rates in 
the United States and Europe is following suit (WCD 2000). This trend highlights the 
increasing recognition of the negative impacts of dams and the cost-effectiveness of 
their removal compared with upkeep and maintenance costs.  However, the scale of 
ecological impact of in-stream dams is staggering, for example, there are an estimated 
80,000 structures >3m height in the US and ~2,000,000 total river blockages (Service 
2011).  Dams are removed for one or a combination of four major reasons: 1) 
unacceptable level of impacts; 2) excessive expense to maintain; 3) no longer serving 
a useful purpose; and, 4) legislation or policy for removal based on the preceding three 
factors.  Given these global trends, we conclude that the removal or decommissioning 
of dams will increasingly occur in southern Australia because ongoing reductions in 
river flow will reduce the economic value of these structures.   
Due to the ecological impacts of barriers, their removal also has a number of positive 
impacts that may include increased fish passage for migratory species, reduced 
favourable habitat for exotic species, halting of thermal pollution, and reinstating of 
natural sediment and nutrient transport processes (Hart et al. 2002). From the point of 
view of climate change adaptation, barrier removal that allows fish to move freely along 
river systems enhances the ability of fish to enter and leave refuges from high 
temperatures and other climate change impacts.  However, barrier removals are an 
ecological disturbance in their own right and therefore exert some negative impacts 
that vary in scale depending on a number of factors.  The major negative ecological 
impacts can be loss of populations of native species that exist within the lentic 
waterbody (particularly those utilising it as a dry season refuge), sedimentation of 
downstream habitats causing impacts on fish and macroinvertebrates, pollution by 
toxins trapped in the sediment on the downstream environment, and spread of exotic 
species (e.g. Stanley & Doyle 2003).   
As highlighted in the process developed in the current project, many of these impacts 
can be mitigated by careful planning and assessment of each project.  Prudent 
strategies and robust environmental monitoring prior to and following barrier removal is 
strongly advised in order to quantify impacts and facilitate adaptive management 
throughout each project.  Finally, barrier mitigation processes, particularly when 
complete removal is a major focus, should include high levels of local stakeholder 
engagement and participation coordinated largely but not exclusively through 
Catchment Management Authorities (CMAs) and an inclusive Steering Committee in 
order to achieve positive ecological outcomes without compromising social or 
economic values.
A number of processes have been implemented in various Australian states over the 
past 15 years for identifying, assessing, and prioritising in-stream barriers for mitigation 
works.  Reflecting the ongoing value of barriers particularly for irrigation purposes, 
there has been a tendency in Australia for barrier mitigation through the construction of 
fishways rather than actual physical barrier removal. However, fishways are usually not 
completely effective at passing all resident species or all life phases of particular 
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species; therefore it is likely that physical removal as a barrier mitigation option will 
come under increasing consideration in the future particularly if changes in water 
allocation occur that may result in many barriers becoming of less importance for 
purposes such as irrigation. 
3.2.4.2 The process for southern Australia 
Based on the outcome of the review, the process we developed consists of five phases 
and is summarised in Figure 3.  The phases are: 
1. Project development – including an understanding of climate change impacts in the 
river system. 
2. Barrier ID, validation and assessment. 
3. Prioritisation. 
4. Barrier mitigation works and monitoring. 
5. Project extension. 
Whilst the process has been designed to be rigorous, it will be readily applied due to its 
stepwise nature and it can also be applied across a wide range of spatial scales from 
single river reaches to entire catchments or regions.  Underpinning the process is an 
ongoing emphasis on local stakeholder engagement through the formation of an 
inclusive Steering Committee and high levels of community engagement.  Of particular 
note is the feedback loop associated with identifying and filling knowledge gaps and 
this highlights how the process requires some level of understanding of both the 
barriers within a catchment, and also the resident fish communities.  Finally, the score 
and ranking system (outlined in the technical report), carefully weights positive and 
negative impacts of barrier mitigation on resident fishes to ensure the influence of the 
barrier on refuge habitats is taken into account. 
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Figure 3: The process for identifying and prioritising instream barriers for 
removal and mitigation in southern Australia.  
3.2.4.3 Application of the approach 
Although it was not possible to trial this process in its entirety within the scope of the 
current project, many of its steps were trialled successfully within three catchments in 
south-western Australia.  Catchments were selected representing three different scales 
of human disturbance including: extensively cleared in the lower and middle reaches 
with relatively undisturbed headwaters (Ludlow River); extensively cleared in the 
middle reaches and headwaters with relatively pristine lower reaches (Goodga River), 
and; relatively pristine throughout (Mitchell River).  Phases in the process that were 
successfully undertaken included engaging the relevant CMAs, surveying landholders 
to obtain barrier and refuge pool information, reviewing GIS information and fish 
distribution information for each catchment, short-listing barriers and river reaches for 
aerial surveying, conducting aerial surveying to truth GIS information and identify 
unknown natural and artificial barriers, refining the final list of potential fish barriers 
within each catchment, and running the score and ranking prioritisation tool for barriers 
in each catchment. 
Highlights of applying the approach in the pilot catchments included: 
x Positive responses from the relevant CMAs in terms of support for the process. 
x Relatively high levels of landholder feedback from surveying for in-stream 
barriers and refuge pools. 
x Aerial survey of in-stream barriers proved to be a vital and cost-effective method 
of truthing GIS information on barriers (~$55-81 AUD/barrier) and accurately 
mapping barriers within the catchments. For example, it revealed that the GIS 
database consistently over-estimated the number of potential fish barriers in the 
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catchments with only 60-68% of those pre-selected non-existent or deemed not 
to represent a potential fish barrier.  However, the aerial surveying approach also 
identified numerous additional barriers that would not have been detectable from 
either GIS information or ground-truthing. 
x Prioritisation scores in the more pristine catchment were on average more than 
double those in the more regulated, degraded catchments, i.e.  (44.0 ± 7.55) 
compared with (23.2 ± 1.67) and (24.1 ± 3.65).   
Specific refuge management objectives that can be met using the approach (Table 1) 
are:
Increasing potential colonisation sources: By using the process to remove or mitigate 
barriers to species dispersal, considerable areas of habitat can be made available 
particularly to migratory fishes that include currently unreachable upstream refuge 
pools in ephemeral systems.  These new refuges would then become additional 
sources for colonisation of species upstream of the barrier. 
Assist dispersal into and out of refuges: Many species of freshwater fishes in southern 
Australia undergo some level of migration even if they are not diadromous (i.e. move 
from the ocean to freshwaters or vice versa).  For example, in south-western Australia, 
most species are potamodromous to some degree moving upstream during peak flows 
in winter and spring within river systems then contracting back to refuge habitats during 
baseflow (Beatty et al. 2009).  Therefore, removing barriers to these movements by 
following the process developed in the current project will directly assist dispersal from 
refuges into additional upstream breeding habitats.  
Increase biodiversity in refuges: The current process will strategically facilitate the 
upstream passage of freshwater fishes and allow their colonisation of new habitats 
including refuge pools.  Therefore, it will directly increase the biodiversity in refuges. 
Increase permanence or resilience of refuge: The current process not only takes into 
account how barriers prevent dispersal of freshwater fishes, but also specifically takes 
into account the value of the artificial refuge offered by the in-stream barrier.  
Therefore, by following this process, the decision will often be made to maintain the in-
stream barrier due to it providing permanent refuge habitat. 
3.3 Assessment of the present feasibility of the four approaches to 
refuge management 
Table 3 (below) provides a summary of the present feasibility of these four approaches. 
It should be noted that while some methods may not be feasible or economically viable 
at present, the balance of costs and benefits is likely to change as climate change 
progresses. Similarly, if knowledge gaps that exist at present are addressed with 
further research, these limitations to the application of these approaches will diminish in 
the future. 
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3.3.1 Cold-water releases 
Most NRM agencies were aware of the potential negative issues associated with cold-
water releases and some had implemented strategies to reduce effects of cold water 
releases. However, management of hypolimnetic releases was rarely mentioned or 
considered in the VEWH reports. None of the catchment managers were considering 
controlled cold-water releases as a future management strategy to combat rising 
stream temperatures, but some managers could see the potential of this technique. 
Several managers expressed concern about the likely difficultly surrounding 
implementation of the strategy and how these releases could be managed in an 
effective manner and several suggested that the strategy was more likely to be 
considered if a successful implementation had been demonstrated.  
While literature suggests that cold-water releases can result in substantial lowering of 
river temperatures over hundreds of kilometres downstream of large water storage in 
both Australia and overseas (Walker 1979; Inland River Network News 2000; Olden & 
Naiman 2010), there are several limitations that are likely to prevent implication of this 
technique as a current management option (Table 3). These limitations, including the 
reluctance by NRM agencies as outlined above, would need to be carefully considered 
and overcome for each water storage before this technique is likely to become feasible 
in the future.
x To mimic natural thermal regimes 
Consideration and incorporation of thermal regimes within the planning and 
implementation of environmental flow releases has often been ignored (Olden & 
Naiman 2010). Published studies that describe the partial restoration of thermal 
regimes for river reaches downstream of large dams are rare (e.g. the Flaming Gorge 
Dam USA, Vinson 2001; Olden & Naiman 2010). Implementing this technique also 
appears to be severely hampered by a lack of suitable infrastructure (i.e. multiple 
offtakes), the high capital costs associated with retrofitting multiple offtakes and 
alternative engineering options (Table 3). High running costs associated with the 
regular re-adjustment of offtake infrastructure settings that are required to maintain 
target temperatures presents a further hurdle for implementation of this technique. 
Regular re-adjustment of offtake settings is particularly problematic for maintenance of 
fine-scale temporal (i.e. daily and weekly) thermal regimes, so mimicking monthly 
regimes might be more realistic and achievable (NSW Office of Water 2011). 
A further difficulty associated with most cold-water release scenarios is overcoming 
elevated winter temperatures caused by hypolimnetic releases. This appears to be a 
significant challenge to rectify for regions where hypolimnetic releases occur and we 
could not find any suggested solutions for overcoming this problem.  
x To reduce or ameliorate high temperature events 
Currently, this technique appears to be the most feasible option because it should 
require less environmental water that could be specifically targeted over a short period 
of time (Table 3). Using short-range weather forecasts would be important for the 
preparation and planning of these releases, along with continual monitoring of 
temperature both above and below the dam wall. This approach is being considered 
during dry, low flow periods for some catchments in Victoria, but had not been directly 
implemented (Anna Lucas, Melbourne Water, pers. comm. December 2012).  
We are also unaware of any Australian studies that have modelled how the quantity 
and timing of cold-water releases might influence the extent and duration of 
temperatures downstream of large water storages, like those by Horne et al. (2004) 
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and Krause et al. (2005). Therefore, the volume of water required to ameliorate 
extremely high temperatures and the extent of the impact downstream are unknown, 
and may require higher flows than those typically experienced in targeted streams for 
that time of year. This possibility will be particularly relevant if the targeted, priority 
reaches are a considerable distance downstream of the dam wall, making intervening 
reaches very susceptible to abnormal, unseasonal conditions. 
x To connect cool-water refuges for animal migration 
This technique is currently the least feasible option due to a significant lack of 
ecological knowledge associated with the presence of thermal refuges and their use by 
biota in Australia (Table 3). There is also limited information regarding important 
migration cues for many Australian freshwater fishes, but some recent work does exist 
(role of temperature for Australian grayling migrations; Koster & Dawson 2010). Some 
fish species in the Northern Hemisphere also exhibit large variation among individuals 
regarding the commencement of migrations patterns in response to temperature 
(Howell et al. 2010).  
x Further consideration and limitations of this technique as a current management 
option
This technique will only be viable when sufficient water is available as part of any 
environment flow allocation, and so it may not be an option during periods of prolonged 
drought. In addition, water storage levels will also play an important role even if 
sufficient environmental water is available. For example, water volume will influence 
whether stratification will occur over summer and water drawdown below the 
thermocline in storages with low water levels can result in a sudden change from cold-
water to warm-water releases, which has been observed for some storages during the 
‘Millennium’ drought in Victoria (Sinclair Knight Merz 2005). There is also a great deal 
of uncertainty associated with how climate change will influence other aspects of lotic 
thermal regimes, including thermal capacity (Olden & Naiman 2010), which may further 
alter the feasibility of this technique for large water storages in the future.  
Mitigation of cold-water releases in Australia may in fact favour invasive cold 
water species over Australian natives given that Australian native fish tend to be 
adapted to a warmer climate than fish introduced from colder climates in the 
Northern Hemisphere (e.g. salmonids). It might be possible for targeted cold-
water releases to be used to control the distribution and abundance of exotic 
warm water fish species, but the success of this technique is likely to vary and 
some invasive species have very broad temperature tolerances (e.g. carp). 
However, little empirical evidence appears to support that notion to date, so it is 
not yet a feasible method for controlling either type of invasive species. 
3.3.2 Riparian revegetation 
Replanting riparian vegetation is already well supported as a mechanism for reducing 
sedimentation, erosion and nutrient enrichment of aquatic habitats, and is gaining 
support as a mitigating activity against increasing water temperatures associated with 
climate change.  Procedures and protocols for riparian restoration are well documented 
and the replanting of riparian zones is actively encouraged by government agencies 
and catchment groups. This study shows that reducing temperature is likely to increase 
the frequency of temperature-‘sensitive’ invertebrates.  With the development of UTTs, 
instream biodiversity targets restoration can now be developed. 
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3.3.3 Anthropogenic refuges 
Anthropogenic refuges generally, and artificial ponds in particular, are presently 
feasible as refuges from climate change impacts. Indeed, these systems are probably 
already acting as refuges in some cases and locations (e.g. SCP) and are likely to 
become increasing important as a relatively stable, permanent source of surface water 
as the frequency and duration of drying for natural ponds and wetlands increases. The 
main limitation to their use is a lack of recognition of the potential biodiversity value of 
artificial habitats (Table 3). Once this is overcome, many of the commonly-used 
freshwater restoration practices (e.g. revegetation, fencing) may be used to improve 
their biodiversity and capacity to act as refuges (Table 3). However, in many cases 
such restoration practices may not be needed (i.e. where biodiversity is already 
substantia) or may not be desirable (i.e. where refuge is functioning and the waterbody 
is actively being used for other purposes). Whether to implement any restoration 
actions for anthropogenic refuges needs to be considered on a case by case basis. For 
example, pasture wetlands may be used for cattle grazing in summer when they are 
dry and in winter when they are wet and still sustain high biodiversity (Robson & Clay 
2005), but temporary fencing in winter could also be used on selected wetlands to 
protect frogs, crayfish  and waterbirds from disturbance. In some regions of Australia, 
especially urban areas, artificial ponds are looked at as having only nuisance value as 
sources of midges and mosquitos.  
In Perth, for example, present policy is to limit construction of new artificial wetlands in 
urban areas to prevent these problems. Such policies are an obstacle to the effective 
use of anthropogenic habitats as refuges. In peri-urban rural areas in Australia, 
species-rich farm dams, natural ephemeral wetlands and drainage ditches are often 
abundant. Once urban development occurs, drains are often formalised into 
underground pipes or concrete channels and ephemeral wetlands are often drained or 
converted to compensating basins. This greatly reduces both the frequency of 
occurrence of freshwater habitat in the landscape and reduces its quality as habitat and 
as a potential refuge. Greater recognition of the potential value of urban waterbodies 
could lead to improved development practices.  
3.3.4 Barrier removal 
The positive benefits that the removal of in-stream barriers can have on the resilience 
of aquatic ecosystems are widely recognised (e.g. Kanehl et al. 1997; Stanley and 
Doyle 2003).  Furthermore, prioritisation processes for barrier mitigation exist 
elsewhere in Australia and overseas.  However, the process described here ensures 
that the impact of barrier removal on refuge availability in southern Australia is 
specifically addressed.  Furthermore, the process maximises the opportunity for broad 
stakeholder engagement to mitigate opposition that can arise during barrier removal 
and mitigation projects.  Finally, the process has been designed as a simple, stepwise 
procedure and is able to be applied on multiple spatial scales.  Therefore, provided that 
adequate, albeit modest, resources are available, it would be feasible for the process to 
be applied now in many areas of southern Australia (Table 3).  The drying trend across 
much of the region will only serve to increase the applicability of the process as existing 
surface water infrastructure becomes increasingly obsolete. 
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4. DISCUSSION 
Below we discuss the implementation of these four approaches to refuge management 
for climate change adaptation. Readers are referred to the Technical Reports for 
detailed information on the use and application of each method. 
4.1 Climate change adaptation: the utility of these four approaches 
to refuge management 
The results of this project show that, at present, riparian replanting and anthropogenic 
refuges can be used to control temperatures in streams and provide refuge habitat, 
respectively (Table 3). Knowledge gaps remain for both methods, but these could be 
rapidly overcome with further research (see Section 5). Barrier removal has been 
demonstrated to be both ecologically and cost-effective overseas, and so could be 
used in southern Australia to enhance connectivity along rivers and floodplains and 
among refuges. There are some knowledge gaps here too, but these can also be dealt 
with easily by improving barrier identification surveys and properly monitoring barrier 
decommissioning both before and after it occurs (see Section 5). Targeted cold-water 
releases are yet to be used to lower stream temperatures in Australia. There are 
numerous knowledge gaps and uncertainties associated with cold-water releases that 
prevent this technique being a feasible and cost-effective management strategy at the 
current time. However, this approach may become more feasible as climate change 
progresses and as knowledge gaps are addressed, or if new and innovative technology 
is developed (see Section 5). 
Users of these approaches need to be aware that freshwater refuges need to be 
identified within their management regions prior to implementing these four methods. 
The identification of refuges is not necessarily straightforward because many refuges 
for important species are of a small size, may not be directly observable (e.g. thermal 
refuges) and may be in remote locations. For example, perennial spring-fed refuge 
pools in streams in the Grampians (western Victoria) are often only 2-3 m in diameter 
and there may be only one or two such refuges per stream (Chester & Robson 2011). 
Similarly, anthropogenic refuges for certain species may be very small, consisting of a 
few stock-watering points or ponds (e.g. Casas et al. 2011). This means that they may 
not be easily locatable by remote sensing. Remote sensing may indicate regions within 
catchments where certain types of refuges might exist.  
However, ground-truthing of remote sensing data will always be required to ascertain 
the existence of refuges, including sampling to determine whether the target species, 
or assemblage, is actually present in the refuge. Aerial surveys, such as those 
conducted in the present project, are another form of ground-truthing that is suitable for 
identifying in-stream barriers. Research shows that refuges such as perennial pools are 
notoriously idiosyncratic in their assemblage composition (Robson et al. 2008; Sheldon 
et al. 2010; Chester & Robson 2011) and this means that it cannot be assumed that 
any single refuge is supporting particular species or assemblages unless they have 
been identified in that place. Similarly, even when a species has been observed in a 
refuge in the past, it will not necessarily be present there every year. For this reason, 
the findings of the present project as well as earlier research (e.g. Chester & Robson 
2011) show the need for multiple refuges of the same type to be maintained within 
catchments to sustain biodiversity over both time and space. 
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4.2 Ecosystem services, benefits and synergies in the restoration 
of whole catchments 
The best outcomes for freshwater biodiversity will arise from the integrated use of 
these four approaches and other refuge management tools within catchments (Figure 
1) where feasible. For example, an intact riparian zone directly downstream of a 
reservoir is likely to influence the quantity and timing of cold-water releases required to 
lower temperatures downstream. Many freshwater species may use river channels, 
floodplains and non-floodplain wetlands during their life history. This means that 
wetlands and river channels should be managed in an integrated way within 
catchments, especially from the point of view of providing refuges from disturbance and 
allowing for stepping-stone refuges to enable species to disperse across landscapes. 
Many freshwater species also move among catchments (e.g. birds, some fish, some 
insects) and so refuge management will need to recognise that refuges for species in a 
particular catchment may exist in other catchments nearby. For example, there is 
increasing evidence that perennial streams provide refuges for the highly diverse 
aquatic invertebrate fauna across multiple catchments in mediterranean and semi-arid 
climate regions (Robson et al. 2012). Furthermore, it is important to maintain temporal 
connectivity between refuges and other habitats to sustain biodiversity. For example, 
refuge pools should be reconnected to river channels at intervals consistent with the 
natural water regime of the catchment in which they lie. This may be annually (for 
streams in mediterranean climates e.g. Chester & Robson 2011) or less often (for 
dryland rivers e.g. Sheldon et al. 2010). 
4.2.1 Ecosystem services and human services 
Replanted riparian vegetation can be used to cool stream waters, but it also provides a 
range of other ecosystem services. The approach described here enables end-users to 
decide the best location within catchments to replant riparian vegetation to achieve the 
best cooling effect and create refuges. At the same time, this vegetation could be a part 
of carbon-farming for adjacent landholders and can contribute to the creation of refuges 
and corridors for terrestrial and amphibious native animals. Riparian vegetation also 
controls erosion and dryland salinity, provides an important carbon source for stream 
food webs, provides woody debris into streams that provides habitat for fish and 
shades streams, reducing algal growth. These ecosystem services provide an 
important range of benefits for both biodiversity and stream health and are a valuable 
by-product of this method. 
Anthropogenic freshwater refuges such as perennial ponds may also provide a range 
of ecosystem and human services. For example, farm dams provide water for native 
animals such as waterbirds and terrestrial mammals as well as water for livestock or 
irrigation. Urban ponds may provide human services such as water storage for the 
irrigation of playing fields, disposal of stormwater, and recreational amenity for 
residents. They also provide ecosystem services such as supporting urban populations 
of native birds and bats by providing water and prey (emerging insects). 
While we are not advocating the approach, it is possible that cold-water releases may 
play a large role in the maintenance of salmonids in Australia. This may be a high 
priority for southern Australian streams given the high socio-economic value of trout 
fisheries in Victoria, NSW and Tasmania, despite their status as introduced species. 
For example, recreational anglers in Victoria spend an estimated $170 million a year 
pursuing trout, redfin and native species (Department of Primary Industries 2011). 
Estimates for Tasmania are around $40 million per annum (Inland Fisheries Service 
2008) and $70 million per annum are associated with recreational trout fishing in the 
Snowy River region alone (Dominion Consulting Pty Ltd 2001). Similarly, barrier 
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removal or modification may also assist in the conservation of inland fisheries providing 
similar benefits to communities and the economy. 
Therefore, it is important to be aware that each of these approaches to refuge creation 
and management provides multiple benefits to both the environment and human 
society that can be articulated to the community as part of climate change adaptation 
actions to protect biodiversity. The need for multiple benefits to arise from climate 
change adaptation actions is a tenet of effective climate change adaptation (Smith & 
Lenhart 1996), and each of these methods has the capacity to deliver multiple benefits. 
4.2.2 Synergies in catchment restoration 
Riparian replanting and environmental flows are two widespread methods of river 
restoration in Australia, and both can be modified to apply approaches described here. 
Replanting can be modified to provide temperature refuges and environmental flow 
releases modified so that they mimic natural thermal regimes or prevent extreme high 
temperature events, either of which might require release of hypolimnetic water 
(‘shandying’). Therefore, existing restoration methods can be increasingly adapted to 
provide temperature refuges as climate change progresses. Increasingly, managers 
are looking at barriers in rivers and streams to enhance the dispersal and movement of 
fish but also to increase the effectiveness of environmental flow releases (e.g. Dyer et 
al., 2007). There is also increasing recognition of the need for environmental flow 
releases to support biodiversity in a range of river habitat types (e.g. waterfalls, 
Rackemann et al., 2012). Therefore, three of the approaches described in the present 
project can be integrated into existing restoration methods. For a single catchment, a 
range of environmental flow types and targets, replanting patterns and barrier 
management practices can be adopted to create and protect refuges against climate 
change.
Anthropogenic refuges can also be integrated into existing restoration practices within 
catchments. Methods of wetland restoration such as replanting fringing vegetation can 
be used on artificial ponds. Vegetation corridors can be planted to link urban ponds or 
farm dams to other waterbodies. In-stream artificial habitats, such as weir pools may 
need to be retained to protect native species (e.g. in the situation where weirs prevent 
invasive fish species from entering a stream) or create a refuge. Or, they might require 
enhanced connectivity by the construction of a fishway, for example. Some in-stream 
artificial habitats that support significant biodiversity will need protection from 
restoration. For example, the biodiverse pools created by sand slugs in the Glenelg 
River (western Victoria) warrant protection from sand-mining or sediment extraction for 
restoration because they compensate for wetlands lost from elsewhere in the 
catchment (Lind et al., 2009). 
Across a catchment, there will be a range of natural freshwater habitats (rivers and 
wetlands) and artificial freshwater bodies. Refuges across all these waterbodies should 
be identified and managed in an integrated way. Where, for example, perennial water 
is the main concern for providing refuges; there should be a mosaic of running and still 
water habitats that are perennial or non-perennial, but are inundated for a range of time 
periods that mimic natural water regimes. There also need to be multiple waterbodies 
of each type. This will provide the range of hydroperiod and habitat types required by 
freshwater species. Consideration also needs to be given to their connectivity. Where it 
needs to be enhanced by river flow or flooding or vegetation corridors and also where it 
needs to be limited to protect particular species or restrict the movement of invasive 
species. Previously, artificial waterbodies have rarely been considered as part of the 
available refuge habitat. By including them, managers will have more options for 
management which may include consideration of construction of new wetlands or 
sections of stream channel to enhance refuge availability or quality. Therefore, we 
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recommend that when implementing any (or all) of the four refuge management 
approaches described in this report, they should be integrated into existing river and 
wetland restoration practices within catchments. 
4.3 Investing now to assist ecosystems to adapt to future climate 
Examination of these four approaches to refuge management has highlighted the need 
for end-users to begin to invest now in actions to assist freshwater ecosystems to 
adapt to future climate. Decades are needed to allow ecosystems to adapt to changing 
climate, temperatures and water regimes. Long-lived species such as river gums 
(various species) will take time to recruit to new habitats and many animal species only 
disperse slowly across landscapes. The creation of refuges by riparian replanting or by 
creating or modifying artificial wetlands can be done now, but will take decades to 
reach maximum effectiveness. Trees need time to grow to heights where they provide 
shade and begin to shed leaves and branches into waterbodies. Artificial waterbodies 
need time to be colonised by plants and animals and to develop fully-functioning 
ecosystems.  
Another barrier to effective management of freshwater biodiversity under future 
climates is the lack of rigorous long term monitoring in Australia. Where climate change 
adaptation approaches, such as the four studied here, are implemented, it will be 
critical to monitor their impact on freshwater biodiversity over the long term (decades). 
In this way, managers will know whether these approaches are working and can make 
improvements to maximise the protection of native biodiversity. Without this monitoring, 
we will not know whether freshwater biodiversity is being effectively assisted to adapt 
to climate change. 
Despite what is achieved by climate change mitigation, we know that Australia is 
already experiencing climate change (e.g. rainfall decline in south-west Western 
Australia) and will continue to do so. Therefore, actions to protect and create refuges 
need to begin now. The knowledge gaps identified here (section 5) that limit the utility 
of these approaches also need to be addressed now, through investment in research 
and trials, so that they will be increasingly useful for managing the impacts of future 
climate change. 
Below (Table 4) we indicate the likely feasibility of the four approaches in the future, 
assuming that knowledge gaps and other barriers can be ameliorated now. Changes in 
other areas in response to climate change, such as natural resources management, 
will also improve the adaptive capacity of end-users for implementing these 
approaches. For example, dam reoperation for improved water resource management 
and to deal with extreme events and changes to power supply will increase flexibility for 
cold water releases and environmental flow releases (Pittock & Hartmann, 2011; Watts 
et al., 2011). 
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4.4 The need to fill key knowledge gaps to improve the utility of the 
approaches
While three of the four methods investigated here are currently usable as well as 
useful, this project has identified key knowledge gaps that need to be addressed to 
improve their utility. These gaps and their associated research needs are described in 
Section 5. Because ecosystems will take decades to adapt, this research is urgently 
needed to increase the usefulness and applicability of the four approaches. 
4.5 The need to overcome institutional barriers to implementation 
Discussions with end-users during the two forums run as part of this project highlighted 
a number of potential barriers to implementation of the four approaches. Many of these 
barriers were social and political, such as the fundamental problem of a lack of belief in 
climate change. These barriers lie outside of the scope of the present project and so 
are not addressed further here. We focus here on the more proximal barriers 
associated with the institutions charged with managing refuges for freshwater 
biodiversity. 
One major barrier to implementation that was identified by end-users at our forums was 
that they are often limited by staffing and resources so that the more complex or data-
dependent tools cannot be applied. While we have endeavoured to keep these tools as 
simple as possible, they cannot be simplified beyond the point where they provide 
useful information. Therefore, we note that there is a great need for a federally-funded 
knowledge broker to assist management agencies to adopt new management tools. 
Formerly, Land and Water Australia fulfilled this role and was held in high regard by 
managers, their agencies, researchers and landholders. Since it was abolished, no 
other agency has taken on the role of knowledge broker, leaving management 
agencies on their own. Climate change adaptation for freshwater biodiversity would 
greatly benefit from the creation of a Federal agency that could perform the knowledge 
translation and broker roles as well as administer research funding targeted at the 
knowledge gaps identified in Section 5. It is possible that the National Water 
Commission could be expanded to fulfil these roles. 
Another barrier to implementation lies in the attitudes of all those managing and 
conserving freshwater ecosystems towards artificial structures. Generally in Australia, 
artificial habitats are regarded as being far inferior to natural waterbodies and similarly 
cold-water releases from dams are only regarded as causing thermal pollution. In both 
cases, attitudes will need to be changed in order for managers to see the possibilities 
offered by both artificial habitats and cold water releases for creating and protecting 
refuges for freshwater biodiversity. These reports may assist in changing these 
attitudes and as climate change impacts increase there will be more incentive for 
attitudes to change. Nevertheless, negative attitudes towards these tools are presently 
a barrier to climate change adaptation. 
In some cases, local policies, regulations and rules of operation are also barriers to 
change. For example, some rules of operation for reservoirs are designed specifically 
to avoid cold-water releases. In Perth, planning regulations do not permit the creation 
of new urban waterbodies because existing ones are viewed as having only nuisance 
value (harbouring mosquitoes, midges and algal blooms and little else). These 
regulations will need to be changed if new artificial wetlands are to be constructed and 
the wetlands themselves need to be managed to avoid problems with mosquitoes, 
midges and algal blooms. 
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However, the largest barrier to implementation remains the knowledge gaps identified 
in Section 5. 
4.6 The opportunity to prepare ecosystems for future climate 
The four approaches described here provide an opportunity to prepare freshwater 
ecosystems across southern Australia for future climates. These climates are likely to 
be hotter, drier and with more aseasonal (summer) rainfall than has been seen in the 
recent past. Ecosystems adapt slowly as the thousands of species they hold each 
respond to the changing environmental conditions. Actions are therefore needed now 
to assist ecosystems to adapt to climate change, which will be essential for sustaining 
freshwater biodiversity.  
Cold-water releases offer the opportunity to use dams in a positive way to lower 
temperatures for species for short or long periods and for considerable distances 
downstream depending on the river and reservoir system. While not presently suitable 
for implementation, research and trials now will allow the development of this tool (and 
associated infrastructure change) for use when it is really needed in 20-50 years time. 
Riparian trees take at least 20 years to reach their full height and for the vegetation to 
function in the same way as natural streamside vegetation. Research shows that even 
a decade after replanting, effects on stream fauna are still not evident (Becker & 
Robson 2009). Therefore, vegetation needs to be planted now to provide temperature 
refuges in 20+ years time. There are obvious synergies with carbon farming that should 
be explored. Artificial waterbodies exist now and there is evidence from southern 
Australia that they are providing refuge habitat in both rural and urban landscapes for 
both invertebrates and amphibians (e.g. Brainwood & Burgin, 2009; Hamer et al., 2012; 
this project). 
By improving the recognition and management of these waterbodies now, they will be 
in good ecological condition in the future and therefore best prepared to act as refuges 
for freshwater biodiversity. The removal of barriers along rivers is in its infancy in 
Australia but has been pursued more often overseas, especially in the U.S.A. We can 
learn from their experiences and as time passes and more structures reach the end of 
their useful life, where maintenance costs begin to exceed the benefits gained from 
them, barrier removal will become more feasible. Enhancing appropriate and timely 
connectivity is essential to refuge function (Robson et al., 2008; Sheldon et al., 2010) 
and barrier removal and modification has a large role to play in this. The sooner 
connectivity is improved, the more time there is for populations to be able to move 
within catchments and establish stable populations resilient or resistant to climate 
change impacts. Therefore, this project shows that these are four useful approaches 
for managing refuges in rivers and wetlands that can be used now and in the future to 
sustain freshwater biodiversity. 
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5. GAPS AND FUTURE RESEARCH DIRECTIONS 
This section identifies the major knowledge gaps and research priorities to improve the 
usefulness and applicability of the four approaches for refuge management, 
summarised in Table 5. 
5.1 Key knowledge gaps 
Each project has identified knowledge gaps and there are some overlaps, as well as 
some particular gaps, among projects. One key knowledge gap is the lack of 
empirically documented temperature requirements and tolerances for Australian fish, 
invertebrate and freshwater plants, including that for particular life history stages such 
as spawning, germination of seeds, insect emergence etc. Similarly, we lack much 
basic life history information with regard to requirements for hydroperiod (i.e. the 
duration of inundation in freshwater bodies) for Australian plants and animals to 
complete the aquatic phase of their life history. For Australian rivers there is also a 
paucity of long-term in-stream temperature data. This means that most predictive 
models for climate change adaptation associated with predicted changes in 
temperature are based on air-temperature data and not on stream temperature directly. 
While the NWC Waterlines report by Robson et al. (2008) documented existing 
knowledge of types of freshwater refuge in Australia by both species and assemblages, 
they acknowledged that there is limited empirical data for most groups and species. 
Greater empirical evidence of what comprises a refuge for a greater range of species is 
needed so that management can prioritise the most comprehensive (Ark-type) refuges. 
Dispersal is a key ecological process connecting refuges to the wider habitat. We only 
have dispersal capacity information for a few species of fish and invertebrate. Further 
radio-tracking, mark-recapture and genetic work is required to address this gap. 
Related to this is the large gap in our fundamental knowledge of what constitutes a 
population for freshwater animal species. This gap exists for most vertebrate species 
and almost all invertebrate species. In most cases, researchers view animals of one 
species from one waterbody as comprising a population. However, genetic research 
has shown that some species have several distinct populations in one river system and 
others can maintain a single population over multiple catchments or lake systems. It is 
not possible to properly manage freshwater species and their populations, or 
evolutionarily significant units, if population size and area are not known. 
5.1.1 Knowledge gaps particular to sub-project 1 – cold water releases. 
The three case studies outlined in the Technical Report that accompanies this 
document are species-specific and aim to maintain ideal temperature ranges for a 
small number of specific cold-water target species (i.e. salmonids that are not native to 
Australia). While such an approach may provide optimal thermal conditions for growth 
and serve to minimize mortalities and facilitate movement, the manipulation of thermal 
regimes to suit a cold-water target species in Australia is likely to have an impact on 
the food resources for these species (i.e. in-stream macroinvertebrate assemblages). 
This has been acknowledged in case studies (Krause et al. 2005), and the importance 
of understanding the dynamic relationship between temperature and other ecosystem 
processes and function was acknowledged decades ago (e.g. Magnuson et al. 1979). 
Therefore, for hypolimnetic releases to be effective, preliminary trials should include 
more than monitoring of a single target species. Ignoring other ecosystem links, such 
as macroinvertebrate assemblages, could result in other indirect affects by altering the 
abundance and supply of food at critical times during the life-cycle of a target species.  
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It is apparent that cold-water releases from some of the larger dams in Australia are 
capable of reducing in-stream temperature by as much as 8-12 °C (Inland River 
Network News 2000) and for considerable distances downstream (e.g. up to 400 km for 
the Macquarie River below Burrendong Dam, Walker 1979). Given these figures, it 
appears that carefully-managed cold-water releases are potentially viable for 
ameliorating predicted increases in stream temperatures associated with climate 
change. However, we emphasise the ‘carefully-managed releases’ because several 
parameters will need to be measured before, during and after any planned releases. 
These include dissolved oxygen concentrations and the depth and position of the cold-
water lens relative to the off-take and the extent of mixing between the upper and lower 
stratified layers while water is being released.  
Continual monitoring of conditions downstream of the dam will also be required during 
the release to ensure that flows and temperatures are being maintained within the 
target bounds, particularly for the first scenario provided above (i.e. mimicking natural 
thermal regimes). Releases will need to be managed to avoid temperature shock and 
sudden increases in flow, so gradual releases may also be required to provide 
organisms with time to adapt to these changes. Gradual releases as a management 
strategy for environmental flows are also recognised by the VEWH (VEWH 2011, 
2012). A further risk associated with the technique is that it may require large, 
unseasonal releases of water (i.e. produce flow peaks in summer) to meet target 
temperatures, which may interrupt the life cycle of some biota that are not adapted to 
those conditions (e.g. do not have the necessary adaptations to deal with high flows at 
that time of year).  
The persistence of some cold-water fish species in warm-water streams depends on 
the presence of thermal refuges, particularly during summer. Use of thermal refuges by 
fish has been documented by numerous studies, particularly for salmonids in the 
Northern Hemisphere (e.g. Berman & Quinn 1991; Ebersole et al. 2003), but only one 
example was found from the Southern Hemisphere (i.e. New Zealand, Olsen & Young 
2009). Cold-water thermal refuges can occur at sites of cooler, groundwater recharge 
(Matthews & Berg 1997; Baird & Krueger 2003), mixing of cooler subsurface and 
warmer surface layers (Bilby 1984; Burkholder et al. 2008; Acuna & Tockner 2009), 
thermally stratified pools (Nielsen et al. 1994; Matthews & Berg 1997; Tate et al. 2007) 
or by cooler waters entering from tributaries (Baird & Krueger 2003; Goniea et al. 2006; 
Keefer et al. 2009; Sutton & Soto 2012, Petty et al. 2012). The size and frequency of 
these thermal refuges has been associated with increased abundances of salmonids in 
some streams of the US, but it is rare for the distribution of thermal refuges to be 
mapped (Ebersole et al. 2003), including the presence of cool-water tributaries.  
This also appears to be true for Australian streams because we could not find any 
examples associated with the description of thermal refuges in southern Australia or 
their use by in-stream biota. Another form of thermal refuge is potentially available for a 
range of plants and animals that can move to higher altitudes, but this is limited for fish 
in Australia due to the largely flat topography (Koehn 2011) and multiple, natural 
barriers that may be present (e.g. waterfalls). 
Few studies have described use of thermal refuges by non-salmonid species (e.g. 
leopard darter Percina pantherina, Schaefer et al. 2003). Therefore, few descriptions of 
thermal refuge use by Australian native fish exist and temperature tolerance data is 
also scant, so this also is a significant knowledge gap.  
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In addition, it should be noted that some of the thermal refuges described above have 
been described for very large river systems (e.g. stream width > 50m, Columbia and 
Snake Rivers, Keefer et al. 2009; Tagliamento River, Acuna & Tochner 2009) so it is 
possible that thermal refuges such as those described above do not exist because the 
major regulated rivers in Australia are much smaller than their Northern Hemisphere 
counterparts.
The literature has demonstrated that there is currently a very limited understanding of 
how cold-water releases affect biological communities and that that rigorous monitoring 
of in-stream temperature and biological communities is still urgently required to provide 
a greater understanding of the impacts of cold-water releases in southern Australia 
(Ryan et al. 2001). Ecological monitoring frameworks are continually being developed 
(based on Victoria Environmental Flows Monitoring and Assessment; VEFMAP) for 
many systems to assess ecological changes associated with environmental flow 
releases (Victorian Environmental Water Holder 2012). However, even in the absence 
of funding to sample macroinvertebrates and fish, temperature loggers should be 
installed at multiple sites above and below maximum and medium research priority 
dams (Ryan et al. 2001) together with adjacent, non-regulated streams as a starting 
point. This will increase our understanding of the potential impacts of cold water 
releases, and our understanding of changes to in-stream temperatures associated with 
human induced climate change.  
Therefore, at this point in time, there are too many uncertainties and knowledge gaps 
that represent limitations in our ability to effectively apply the use of hypolimnetic 
waters to ameliorate increasing stream temperatures. The feasibility of this technique is 
further complicated by a lack of adequate infrastructure for many large reservoirs, and 
even if this infrastructure exists, the costs and logistics associated with managing 
infrastructure settings are likely prohibitive. We agree with the recommendations made 
over a decade ago by Ryan et al. (2001) that rigorous monitoring of in-stream 
temperature and biological communities is urgently needed to provide a greater 
understanding of the impacts of cold-water releases in southern Australia. Until we 
understand the possible impacts on a wide range of biota (i.e. not just cold-water fish) 
and the direct and indirect effects of future climate on in-stream temperatures, extreme 
caution must be used in implementing the strategy.  
5.1.2 Knowledge gaps particular to sub-project 2 – riparian replanting 
There is currently no bioregionalisation for Australia based on aquatic biodiversity 
(Stewart, 2009).  The Interim Biogeographic Regionalisation of Australia (IBRA) is a 
continent-wide, terrestrial regionalisation based on climate, geomorphology, landform 
and terrestrial biota, and does not reflect aquatic biodiversity distribution. This report 
focussed on estimating UTTs for insects, crustaceans and molluscs.  Upper Thermal 
Tolerances for other groups are unknown. 
In some parts of Australia, further research is needed on the best species to use for 
riparian revegetation and their shading qualities. Species composition may need to 
change as climate change progresses and the temperatures experienced by riparian 
plants increase. The relative shading qualities of different riparian plants and the best 
methods for establishing these plants during revegetation also require further research. 
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5.1.3 Knowledge gaps particular to sub-project 3 – anthropogenic 
refuges 
Clearly, the main knowledge gap here is related to the biodiversity of Australian 
anthropogenic habitats and their ability to function as refuges. Our review clearly 
showed that there is less data for Australian ecosystems than for those in Europe and 
North America. This is at least partially attributable to the attitude that these places 
cannot make a valuable contribution to biodiversity. However, those few studies that 
have been done (e.g. Robson & Clay, 2005; Brainwood & Burgin, 2009; Lind et al., 
2009; Lutton et al., 2010; Hamer et al., 2012) show clearly their capacity to support 
considerable biodiversity and their potential as refuges. Further studies of biodiversity 
are required on a wide range of Australian anthropogenic freshwater bodies. 
Freshwater anthropogenic ecosystems can be managed to improve their capacity to 
support biodiversity through consideration of their qualities as refuges; and without 
necessarily including them in restoration or preventing continuing human use of these 
areas. However, further research is needed to establish the interdependence between 
anthropogenic refuges and other habitat. While it is clear that many freshwater species 
can survive in anthropized landscapes, we do not yet know whether  anthropogenic 
habitat can function alone as a refuge network, or whether it functions as an adjunct to 
preserved natural habitat or restored areas. This currently represents the largest single 
knowledge gap.  
5.1.4 Knowledge gaps particular to sub-project 4 – barrier removal 
Given the relative infancy of barrier mitigation and removal globally, particularly with 
regard to complete barrier removal, there exist numerous knowledge gaps.  Some key 
gaps are as follows: 
x Lack of information on barrier locations.  Whilst the current project had access to 
a GIS database of potential fish barriers in south-western Australia, our aerial 
truthing of those barriers revealed considerable many false positives and also 
numerous additional artificial and natural barriers.  Therefore, verified databases 
are required that map barrier locations. 
x Refuge pool locations.  There is no remote sensing technology currently available 
to accurately map small scale refuge pools.   
x A general lack of catchment-scale impact assessments of in-stream barrier 
decommissioning projects.  Although relatively complex compared to individual 
score and ranking systems, broader scale impact models should be considered 
when planning barrier decommissioning (or remediation) projects, where 
appropriate.  Optimisation modelling approaches can be utilised to this end. 
x Predicting the magnitude and scale of ecological impacts can be extremely 
difficult and careful planning of monitoring programs is required to quantify these 
changes.  Importantly, little information exists on long-term ecological impacts of 
in-stream barrier decommissioning such as overall increases in fish population 
sizes cf simply determining changes in distributions. 
x Information associated with social research on impacts of in-stream barrier 
removal.  Given many small dams are situated on private property, social impacts 
may affect specific land holders and/or the broader community as well.  This is 
crucial in mitigating opposition to removal of in-stream barriers.  
x Accurate economic modelling of in-stream barrier decommissioning projects.  In 
the past removal costs have often been overestimated and the costs of retaining 
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barriers underestimated.  Restoration and pre-post monitoring costs are often not 
considered when deciding whether barriers should be removed or retained. 
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5.2 Future research priorities 
To manage climate change adaptation using refuges for freshwater biodiversity in 
southern Australia will require much more research investment (Table 5) into studies of 
fundamental life history traits of species, especially their dispersal, temperature 
requirements and tolerances, hydroperiod requirements and drought survival traits 
(Robson et al., 2011). Australia is far behind equivalent developed countries in 
knowledge of the basic ecology of species, especially freshwater species. Climate 
change predictions that are possible in other nations are not possible in Australia 
because of this lack of knowledge. Australia has an exceedingly high level of 
endemism in its freshwater fauna, making this a large limitation and therefore a priority 
for research. 
One consequence of this lack of knowledge is that we have little understanding of what 
constitutes a refuge for most species (Table 5). We know something about perennial 
pools in dryland rivers (Sheldon et al., 2010) and mediterranean-climate streams 
(Robson et al., 2008b; Chester & Robson, 2011) but little about any other types of 
refuge. Empirical evidence of the presence of species in refuge and of the processes of 
retreat into refuges and recolonisation is a knowledge gap globally and therefore a high 
research priority. 
Another consequence of the lack of basic ecological knowledge of the freshwater biota 
is the absence of a suitable bioregional classification of fauna (Table 5). The present 
project (sub-project 2) found that the IBRA bioregions based on terrestrial biota are a 
poor fit to freshwater species. Without regional classifications, it is difficult for managers 
to place their assemblages into the regional context, or to document improvements in 
biodiversity as a result of management actions – this is therefore a priority for research. 
The impacts of human-induced climate change appear to be more widely publicised for 
marine environments than freshwater ecosystems, possibly owing to the presence of 
iconic ecosystems such as the Great Barrier Reef (Koehn 2011). Air temperatures are 
warming faster than ocean temperatures (Hobday & Lough 2011), which potentially 
places freshwater ecosystems under greater threat from the predicted impacts of 
climate change than their marine counterparts (Koehn 2011). In addition, longer-term 
changes and predictive models for freshwater ecosystems are less numerous than 
those for marine ecosystems because continuous physico-chemical data are not as 
widely available for lakes and rivers so air temperatures are used as a proxy for 
freshwater systems, where models exist (Lough & Hobday 2011). Therefore, 
assessments of changes in water temperatures over the longer term are not possible 
for nearly all Australian freshwater ecosystems highlight the urgent need for greater 
measurement of in-stream temperatures across a range of spatial scales in Australia. 
5.2.1 Research priorities for cold-water releases 
Current cold-water releases already appear to be capable of substantially reducing in-
stream temperatures and can penetrate significant distances downstream. The case 
studies also suggest that altering the timing and duration of releases could also reduce 
in-stream off-takes without the need to alter off-take infrastructure. However, retrofitting 
of multi-level off-takes is likely to provide greater control (i.e. ‘shandying') of release 
water temperatures under a range of flow regimes, although this will come at a high 
infrastructure cost. Several engineering options exist for mitigating cold-water pollution, 
but they are all costly (Sherman 2000). For example, a minimal cost option (i.e. draft 
tube-mixer) for Burrendong reservoir was estimated at $2.2 million and $40,000 per 
year to operate, compared with $25m to retrofit multiple offtake valves (Inland Rivers 
Network 2000).  
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Given this, we have outlined what we believe are some of the important considerations 
required before considering this technique as a future management option (Table 5). 
Step 1. Fine-scale temperature data to identify cold-water thermal refuges in Australian 
streams is effectively non-existent. Therefore, mapping thermal refuges in reaches 
downstream of dam walls appears to be a logical first step. Identifying reaches that 
contain groundwater recharge areas or inflow will be important, because they may be 
providing fish with important thermal refuge areas (Gaffield et al. 2005) and could be 
ameliorating further increases in ambient stream temperatures. Once identified, low 
maintenance, inexpensive (approx. $50-60 each) temperature loggers could be 
installed at these locations and within the main river channel to determine the extent 
and stability of these refuges over space and time. Similar recommendations regarding 
installation of temperature loggers were also made by Ryan et al. (2001). 
Step 2. Data collected during Step 1, together with other existing data could be used to 
develop dynamic flow and temperature models such as those described by Krause et 
al. (2005) for high priority dams. These models predict how varying flow regimes and 
the timing of releases will influence in-stream temperatures at varying distances 
downstream of the dam. Ideally, direct manipulations of cold-water flow releases would 
be used to fine-tune these models, particularly at smaller scales that might be relevant 
to the scales associated with thermal refuge patches. As part of their planning for the 
use of environmental water, the VEWH is now considering research proposals that 
seek to use small volumes of environmental water (Victorian Environmental Water 
Holder 2012), so small-scale, direct manipulations of flow may be possible for some 
major water storages.  
Step 3. If natural thermal refuges are present and are used by native or introduced fish 
in Australia, carefully-timed experimental cold-water releases might be considered for 
facilitating migration patterns by re-establishing suitable thermal connectivity among 
refuges. Cold-water releases could be used to facilitate fish migrations that are cued by 
temperatures. Information regarding important migration cues is another significant 
knowledge gap for many Australian freshwater fishes (but see recent work which has 
suggested a role for temperature in grayling migrations; Koster & Dawson 2010).  
5.2.2 Research priorities for riparian replanting 
The approach developed here for predicting biotic responses to temperature control in 
streams relies on knowledge of aquatic fauna occurrences in the regions of interest. 
Knowledge of the fauna that characterises specific aquatic bioregions, at both national 
and regional scales, will assist in the refinement of input variables and allow more 
accurate prediction of biotic responses to restoration activities (Table 5).  The UTT 
database developed in this study needs to be expanded to include other taxonomic 
groups. 
5.2.3 Research priorities for anthropogenic refuges 
The biodiversity of a comprehensive range of anthropogenic or heavily modified 
freshwater habitats needs urgent inventory (Table 5). This provides a baseline for 
determining the condition of potential refuges. This project has identified the 
characteristics of artificial urban wetlands that are associated with higher biodiversity – 
this research needs to be extended to other wetland types. Factors identified here, 
such as the presence of fringing vegetation which is correlated with higher species 
richness, act as a guide for approaches to enhance artificial wetlands. Such factors 
need to be identified for all artificial waterbody types. 
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Retreat and recolonization processes from artificial waterbodies need to be 
documented so that they can be managed to permit species to use these places as 
refuges (Table 5). This research is crucial to their effective use as refuges against 
climate change. This research should include population genetic studies to determine 
effective population sizes and the amount of variation in relevant survival traits that 
exists within refuge populations. This project identified site-to-site differences in 
drought-related survival of animals with probable small populations and poor dispersal 
(aquatic snails) and this suggests that not all refuges will hold populations with suitable 
traits for recolonising landscapes. 
5.2.4 Research priorities for barrier removal
The process developed in this project highlighted a number of knowledge gaps that 
require research across several disciplines.  Key to the process is having adequate 
information on barrier locations, types and the distribution and ecology of resident 
freshwater fish species.  Although this information needs to be obtained within the 
region where the process is to be run and therefore will vary in terms of cost and 
resources required, there are several overall knowledge gaps that, if filled, will greatly 
enhance the efficiency of the process on multiple scales. For instance, whilst mapping 
of refuge pools could be undertaken using current methods (i.e. aerial and ground 
surveys), should fine-scale remote sensing technology to detect surface waters 
become available, it would be invaluable in reducing the cost of running the process 
(Table 4). Indeed, many areas of aquatic ecosystem research would benefit from such 
technology. We had access to a GIS database of potential barrier locations in Western 
Australia (which was a valuable asset in running the process), yet our aerial truthing 
revealed considerable false positives and negatives and therefore demonstrated the 
need for verification of GIS information using aerial surveys and ground-truthing.  
Research is also required to quantify the impacts of barrier removal on aquatic 
ecosystems such as species dispersal rates, refuge habitat colonisation and net 
population increase to better understand how effective barrier removal is at increasing 
resilience of ecosystems across southern Australia (Table 5).  Conducting social-based 
research would help understand the sources of opposition to barrier removal and 
mitigation in order to develop approaches to overcome that opposition.  Rigorous 
economic modelling is required to determine the cost-effectiveness of maintaining, 
retro-fitting or removing in-stream barriers in southern Australia.  These latter two areas 
of research are particularly pertinent where irrigation infrastructure is involved that can 
result in heightened opposition to barrier removal. 
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